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INTROWCPION 1 

C o a l  has  been used mainly for t he  generation o f  electric power t o  t h e  p re sen t  t i m e .  
Now t h a t  critical shortages e x i s t  i n  the supply of na tu ra l  gas f o r  r e s i d e n t i a l  
hea t ing  and i n d u s t r i a l  usage, a broad e f f o r t  is being made by indus t ry  and govern- 

developed, t hey  w i l l  r epresent  a second major source of coa l  u t i l i z a t i o n .  
ment to develop processes f o r  gas i fy ing  coal.=/ When these processes are f u l l y  I 

I n  both combustion and g a s i f i c a t i o n ,  coa l  is heated to e leva ted  temperatures, and 
t he re fo re  it inev i t ab ly  s u s t a i n s  some degree of decomposition prior t o  o r  concurrently 
wi th  o t h e r  chemical reac t ions .  I n  t h e  Bureau of Mines' Synthane process,=/ for 
example, p r e t r e a t e d  coal e n t e r s  t h e  upper, carbonizing sec t ion  of t he  g a s i f i e r  
where it undergoes ex tens ive  thermal degradation to  form char .  The reac t ion  products 
formed a t  t h i s  s t age  i n  t h e  process  make an important cont r ibu t ion  t o  the  ove ra l l  
performance o f  the  g a s i f i e r .  

For these  reasons,  research on t h e  d e v o l a t i l i z a t i o n  of coa l  by rap id  hea t ing  has 
been a p a r t  of the  Bureau's program on g a s i f i c a t i o n .  
t h i s  paper represent  a cont inua t ion  of preliminary work t h a t  w a s  reported earlier./ 

The r e s u l t s  presented i n  

EXPERIMENTAL 

Single  pu l ses  of e l e c t r i c a l  c u r r e n t  provide high-speed hea t ing  t h a t  is  needed 
t o  measure t h e  thermophysical 
and of metals i n  par t icu lar .& This  technique , termed pulse  hea t inq ,  w a s  adopted 
f o r  d e v o l a t i l i z i n g  coa l  i n  t h e  p re sen t  s tudy .  
i n  o rde r  t o  c o l l e c t  and i d e n t i f y  the gaseous products. 
of t h e  r e s u l t a n t  weight l o s s  of sample a f t e r  rap id  hea t ing ,  served as a measure of 
the  total  v o l a t i l e s  e w l v e d  from the coal. 

The r eac t ion  vessel w a s  e s s e n t i a l l y  a 29/42 tapered  ground g l a s s  j o i n t  sea led  on 
t o  a pumping system. Sui tab le  vacuum gages, manometers, gas  sampling and s torage  
bulbs were a t tached  to the  reactor. Tota l  volume of t he  reactor, inc luding  the  
sampling bulb,  amounted t o  418 N u m b e r  10 copper wires en tered  the r e a c t o r  
through Kovar-pyrex seals. These copper e l ec t rodes  terminated i n  sp r ing  clamps 
which supported the  hea t ing  element containing t h e  coal sample. 
elements were made i n  the form of long ,  t h i n  cy l inders  by wrapping 400 mesh s t a i n l e s s  
s teel  sc reen  on  a mandril.  
i n  diameter. I n  prepara t ion  f o r  pu ls ing ,  t h e  open ends o f  t he  cy l inder  were completely 
closed, and t h e  f l a t t e n e d  ends i n s e r t e d  i n t o  t h e  j a w s  of t h e  sp r ing  clamps. 

Current was suppl ied  t o  t h e  wire screen  hea t ing  elements by a cu r ren t  con t ro l l e r .  
This  device w a s  an e l e c t r o n i c  circuit  designed t o  s e t  the  i n i t i a l  cu r ren t  flow a t  
a des i r ed  va lue  and to  allow the  cu r ren t  to  increase  i n  a predetermined way. 
o f  t he  cu r ren t  pulse was necessary t o  compensate for increase  i n  electrical res i s tance  

roperties of s o l i d s  a t  e leva ted  temperatures ,!?I 

Coal samples w e r e  decomposed i n  vacuo 
Quant i ta t ive  measurements 

Resistive hea t ing  

\ Dimensions of the cyl inders  were 6 cm i n  length  and 1 . 2  mm 

Shaping 
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I 

Of t h e  w i r e  and also f o r  r ad ian t  hea t  losses a t  high temperatures. 
cur ren t  values w e r e  i n  t he  range 15-20 A. The cur ren t  c o n t r o l l e r  w a s  t r i qge red  
by a prese lec ted  pulse coming from a General Radio u n i t  pu lse  genera tor ,  and 
cu r ren t  flow continued only f o r  t h e  dura t ion  of t h e  t iming pulse.  
tended from 65 to 155 msec. A 0.1 n resistor i n  the cu r ren t  c o n t r o l l e r  converted 
the  cur ren t  pu lse  to  a voltage pulse  which w a s  displayed on a storage-type o s c i ~ ~ o s c o p e -  
Prec ise  values of cu r ren t  and t i m e  were measured from the osc i l loscope  t r a c e .  

Coal samples w e r e  prepared by c u t t i n g  o u t  v i t r a i n s  from lumps o f  coal.  Fur ther  up- 
grading of the  v i t r a i n s  w a s  accomplished by microscopic examination i n  which coal 
p a r t i c l e s  with adhering mineral mat te r  were discarded. 
study because the) cons t i t u t e  the  most abundant p d  homgeneous component of coal 
and because they are also low i n  mineral matter.-’ 
ash content w a s  l e s s  than 2 percent  i n  the  P i t t sburgh  coal and less than 1 percent  
i n  t h e  o the r  coa l s  used. A low mineral matter conten t  i n  the  v i t r a i n s  w a s  des i red  
t o  a m i d  ambiguities i n  the  d a t a  from possible pyro lys is  of mineral matter. 
v i t r a i n s  were ground to a p a r t i c l e  size range o f  44-53 pm for use i n  the  experiments. 

Coals were se l ec t ed  t o  encompass a r a t h e r  wide range o f  rank and v o l a t i l e  matter.  
Bituminous coa l s  ranqed i n  rank from hvCb t o  lvb: one subbituminous coal w a s  a l s o  

Typical 

Pulse times ex- 

V i t r a ins  were chosen f o r  

It is  seen from table 1 that the  

The 

s tudied .  Thei r  proximate 

T a b l e  

analyses a r e  given i n  table 1. 

1.--Proximate analyses o f  v i t r a i n s .  

Proximate ana lys i s ,  percent  (mf) 
Fixed Volatile 

Ash mat te r  C o a l  source Rank carbon 

Pocahontas N o .  3, 
W. V a .  

Lower Kittanning, 
Pa. 

P i t t sburgh ,  
Pa. 

l vb  82.4 16.8 0.8 

mvb 73.8 25.3 0.9 

hvAb 63.1 35.1 1.8 

Colchester I l l i n o i s  N o .  2 ,  hvCb 51.1 48 .o 0.9 
I l l .  

Ro@yoSprings N o .  7-1/2, Sub A 61.7 37.7 0.6 

The temperature a t t a i n e d  by the  w i r e  screen hea t ing  elements was r e l a t e d  to 
the  time of cu r ren t  f l o w  by a c a l i b r a t i o n  method. T r i a l  and error determina- 
t i o n s  were made of the  times required t o  melt pure metal powders of l i k e  
p a r t i c l e  s i z e  and amounts a s  the  coa l .  A number of c a l i b r a t i o n  po in t s  w e r e  
thus e s t ab l i shed ,  and it w a s  shown t h a t  the  temperature a t  the end of the 
cur ren t  pu lse  was propor t iona l  t o  the  t i m e  o f  c u r r e n t  flow i n  the region to  
1450° C.  The hea t ing  r a t e  w a s  t he re fo re  cons tan t ,  and it w a s  determined to 
be 8250° C/sec. 
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The experimental procedure for devo la t i l i z ing  coal samples may now be described. 
A new (unheated) screen cy l inde r ,  conta in ing  no coal, w a s  pulsed t o  900° C i n  
the reactor which had previous ly  been evacuated. Pre- f i r ing  of t he  screen  
cy l inders  is e s s e n t i a l  because they undergo s i g n i f i c a n t  weight losses when 
they a n  heated fo r  the first time.' 
ments ma& on the coals. 
cyl inder ,  its weight remains demonstrably cons tan t  i n  f u r t h e r  tests. A p re f i r ed  
screen w a s  weighed p rec i se ly  on  a Cahn RG microbalance; approximately 250 pg of 
coal were inser ted  i n t o  the cy l inde r ,  and t h e  combined weight o f  t he  screen 
cy l inder  and coal sample was aga in  determined p rec i se ly  on the  balance.  
weighed coal sample and hea t ing  element were placed i n  t h e  r eac to r  and pumped 
u n t i l  the  sys t em pressure w a s  reduced to  t o r r .  When t h i s  reduced pressure 
w a s  a t t a ined ,  the  coal sample was pulse heated to a given temperature. A f t e r  
d e v o l a t i l i z a t i o n  occurred, the coal residue and screen  w e r e  remved from the 
reac to r  and reweighed. 

The volume of gases generated dur ing  devo la t i l i za t ion  w a s  determined from the 
pressure  increase  i n  the reactor. Mass spectrometric analyses o f  t h e  gases 
were made a t  many, bu t  no t  a l l ,  of t h e  d i f f e r e n t  t es t  conditions.  
way, t he  weight of the gases produced by rap id  devo la t i l i za t ion  of coal was 
ascer ta ined .  

Such losses would i n t e r f e r e  with measure- 
However ,  a f t e r  t he  i n i t i a l  hea t ing  o f  a screen 

The 

I n  t h i s  

RESULTS AND DISCUSSION 

The devo la t i l i za t ion  behavior o f  bituminous coa ls  under rap id  hea t ing  conditions 
is shown i n  f i q u r e  1. This f i g u r e  presents  t he  weight-loss curves o f  four  
bituminous coa ls  of d i f f e r e n t  rank over a temperature region from 400° to  
11500 C.  
although they d i f f e r  i n  detail .  
occurs a t  4000 C ,  followed by very rap id  decomposition to  600° C.  
o f  v o l a t i l e  r eac t ion  products reaches a peak a t  r e l a t i v e l y  l o w  temperatures of 
700° to 900°, a f inding  t h a t  should be o f  considerable importance to those 
engaged i n  design o f  coal g a s i f i c a t i o n  equipment. A t  still  higher temperatures ' 

the dec l in ing  t rend  i n  t h e  formation o f  v o l a t i l e s  reverses ,  and s t a r t s  to in -  
c rease  again a t  the h ighes t  temperatures of t h i s  study. 

Some discussion o f  t he  l o w  temperature peak i n  v o l a t i l e  production from 
bituminous coa l s  i s  merited because t h i s  phenomenon does no t  occur dur ing  
slow heating. I n  the la t te r  case t h e  weight loss increases  monotonically with 
temperature.=/ The broadest peak is exhib i ted  by the  I l l i n o i s  hvCb coa l  which 
has  t h e  h ighes t  v o l a t i l e  matter content  among the  coa ls  s tud ied  (see t a b l e  1). 
With regard to t h e  h ighe r  rank bituminous c o a l s ,  t he  peaks become progressively 
less in tense  wi th  increase  i n  rank, and the  peak p o s i t i o n  s h i f t s  t o  h igher  
temperatures. 
i n  t he  weight-loss curves w a s  greater than t h e  v o l a t i l e  matter i n  t h e  coal 
determined by t h e  ASTM s tandard  method o f  ana lys i s .  These r e s u l t s  are demn- 
s t r a t e d  by the data i n  table 2, which show t h a t  t h e  y i e l d  of total  v o l a t i l e s  
may be increased as  much as 36 percent  by rap id  heatinq. 
, increased  y i e l b  of v o l a t i l e s  i s  found i n  o t h e r  rap id  hea t ing  studies.=/ 

A l l  o f  the weight-loss curves have a c h a r a c t e r i s t i c  shape i n  common, 
For most of the  coals t h e  reac t ion  threshold  

Production 

I n  a l l  i n s t ances  the  v o l a t i l e  y i e l d  corresponding to  t h e  peak 

Supportive evidence for 

' I  
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cons idera t ion  of the 

ratio of total volatiles f r o m  r ap id  hea t ing  to  ASTM volatile content depends 
not only  on the  rank of mal, a8 shown i n  table 2 ,  bu t  also on the  magnitude 
of the hea t ing  rate. One suggested explanation for t h e  appearance of maxima 
i n  the weight-loss curves is that  of competit ive r eac t ions .  
bond-breaking reac t ions  t h a t  occur i n  t h e  coal s t r u c t u r e  and give rise to 
i n i t i a l  decomposition fragments may w e l l  have d i f f e r e n t  temperature dependencies 
from those of recombination reac t ions  t h a t  may form molecules nwre s t a b l e  than 
the pa ren t  coal. 

/ c i t e d  studis8 in wnjunct ion  with our own leads to the conclusion that the 

For exlunple, t he  

T a b l e  2.--Increased v o l a t i l e s  from rap id  py ro lys i s .  

Vola t i le  matter conten t  
by ASTM from peak Increase 

C o a l  source a n a k s i s  weight loss 

Pocahontas N o .  3 16.8 18.5 1.10 
k 

Lower  Kittanning 25.3 30.8 1.22 

P i t t sburgh  35.1 47.9 1.36 

Colchester Ill. No. 2 48 .O 55.8 1.16 

Rock Springs No. 7-1/2 37.7 42.4 (p la teau)  1.12 

I 

,/ 

In con t r a s t  to the  r e s u l t s  obtained with bituminous coals, the  weight-loss 
curve of subbituminous coal exhib i ted  no peak; i n s t ead ,  it reached what might 
be c a l l e d  a p l a t eau  i n  f igu re  2 .  From 800° t o  1000° C the  v o l a t i l e  y i e ld  re- 
mained level a t  about 42 weight percent  of t h e  coal. Beyond t h i s  region t h e  
production o f  v o l a t i l e s  increased sharp ly .  The f a c t  t h a t  t h e  devo la t i l i za t ion  
curve of subbituminous A coal  d i f f e r s  
coals ind ica t e s  a need f o r  more work with o the r  subbituminous coals and 
l i g n i t e s .  L o w  rank mater ia l s  such as these  are o f  i n t e r e s t  i n  coal gas i f i ca t ion  
because t h e i r  reserves  a r e  abundant and because they a r e  s i t u a t e d  i n  depos i t s  
with shallow ground cover. 

The gases a r i s i n g  from rapid  pyro lys i s  of coal v i t r a i n s  have been examined by 
mass spectrometric ana lys i s .  
Lesser amounts of C02 and the  h igher  molecular weight hydrocarbons ?up t o  c6) 
a re  a l s o  present .  Hydrocarbons a re  p re sen t  as both saturates and unsa tura tes  
with t h e  notable exception of acetylene.  Traces of aromatics such as benzene, 
toluene and xylene a r e  found as w e l l  as s u l f u r  i n  t h e  form of H2S. 
of ace ty lene ,  which has been found i n  apprec iab le  q u a n t i t y  i n  some rap id  hea t ing  
p r o c e ~ s e s l ~ - ~ ~ /  i s  mos t  l i k e l y  due t o  t h e  lower temperatures and lower hea t inq  
r a t e  employed i n  our  experiments. 

d i s t i n c t l y  f r o m  those of bituminous 

The major components i n  t h e  gas are H , CH4 and CO. 

The absence 
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T e n p e r a t m  p r o f i l e e  of t h e  ind iv idua l  gases from pyrolys is  o f  P i t t sburgh  
v i t r a i n  a m  ehown i n  figure 3. 
of C02,  CHI and the  C2'c4  hydrocarbon8 decrease with increas ing  r eac t ion  
b n p e r a t u r a .  
complex. 
to  a maximum value of 67.0 percent at 990° C. 
causes a small but real decrease i n  its concentration. CO concentration changes 
i n  an opposite manner to H 2 .  
a t  about the same temperature a t  which the m a x i m r n  R2 concentration occurred. 
The gas  composition data a re  given on a H20-02-N2-free bas i s .  

I n  addi t ion  to  the gases produced by r ap id  d e v o l a t i l i z a t i o n  of c o a l ,  heavier  
products,  re fe r red  t o  as tar ,  a l s o  formd 
w a l l s  of the r eac to r  and is visible asbrown s t a i n  on the  glass. Because the  
quan t i ty  of t a r  from a s i n g l e  experiment is  80 small, i t  has n o t  been measured 
nor  has it been chemically analyzed. However, t he  quan t i ty  o f  t a r  can be 
obta ined  i n d i r e c t l y  by s u b t r a c t i n g  the  weight o f  the gases from the  to ta l  
v o l a t i l e s ,  i.e. the weight loss o f  t h e  mal. Results o f  such ca l cu la t ions  
f o r  P i t t sburgh  v i t r a i n  are shown i n  f igu re  4 i n  which the  experimentally 
determined curves f o r  "total volatiles" and f o r  "gas" have f i r s t  been drawn. 
The curve fo r  "tar" is o f  w u r s e  determined by the  d i f fe rence  ca l cu la t ion .  The 
curves show t h a t  tar formation is favored by low decomposition temperatures and 
t h a t  tar  i s  i n  f a c t  themain product a t  a l l  temperatures up t o  1000° C. 
1000° the amount of gas exceeds the  amount o f  tar even though t h e  total  volatile 
y i e l d  i s  still below t h e  peak y i e l d  obtained a t  700° C. Fur ther  co r re l a t ions  o f  
product y i e l d s  with rank and temperature parameters have been made and w i l l  
be published l a t e r .  

Here it is seen that the  nv la r  percentages 

The func t iona l  dspondenca of H 2  and CO on tenperature is more 
H2 production starts a t  31.5 mole percent  a t  700° C and increases 

Further increase  i n  temperature 

A minimum CO value o f  12.0 m l e  percent  is achieved 

This  material mndenses on the 

Above 

REFERENCES 

1. Forney, A. J. and W. P. Haynes. The Am. SOC. Mech. Engrs., Paper N o .  72- 
WA/APC-3, New York, N .  Y., NOV. 26-30, 1972. 

2 .  Henry, J. P .  and B. M. Louks. Chem. Tech. , I, 238, (1971). 

3. Forney, A .  J .  , S .  J .  Gasior ,  W .  P .  Haynes, and S .  K a t t e l .  BuMines Tech. 
Prog. Report 24,  1970, 6 pp. 

4 .  Forney, A .  J.,W. P.  Haynes, J .  J .  E l l i o t t  and R .  F. Kenny. BuMines Tech. 
Prog. Rept. 48 ,  1972, 6 pp. 

5. Mentser, M . ,  H.  J. O'Donnell and S. Ergun. Am. Chem. SOC., D i v .  o f  Fuel 
Chem. P rep r in t s  14, N o .  5 ,  94, Sept. 1970. 

6. Finch, R. A. and R. E .  Taylor .  Rev. Sc i .  I n s t r .  , 40, 1195 (1969). 

7. Ceza i r l iyan ,  A. , M. S. Morse, H .  A .  Berman and C.  W .  Beckett. J. Res. 
Nat. Bur. Stds.-A. Phys. and Chem., E, N o .  1, 65 (1970). 

8. Ceza i r l iyan ,  A., J.  Res. N a t .  Bur. S tds .  - C. Eng. and I n s t r . ,  x, 
No. 1, 7 ,  (1971). 

I 

30 



9. Parks, B. C.  and H. J. O'Donnell. BuMines Bul le t in  550, 1956, p. 25. 

10. Van Krevelen, D. W., "Coal" ,  Elssvier Pub l .  Co., Amsterdam, 1961, P. 266. 

11. K i m b e r ,  G.  M. and M. D. Gray. Combustion and Flame, 11, 360 (1967). 

1 2 .  F i e ld ,  M. A. ,  D. W. G i l l ,  B. B. Morgan and P. G. W. Hawksley. BCURA 
Mon. B u l l . ,  2, 193 (1967). 

13. K a r n ,  F. S., R. A. F r i e d e l  and A.  G. Sharkey, Jr. Fuel 48, NO. 3, 
297 (1969). 

14 .  Fu, Y. C. and B. D.  Blaustein.  I and EC P r o c e s s  Design and Development, E, 
257 (1969). 

31 



60 

50 

40 

30 

20 

10 

0 

I I I I I I I I I I  

LVB 

I I I I 1 I I I I I 
200 400 600 800 1000 1200 1400 

TEMPERRTURE O C  

Figure 1.--Devolatilization of bituminous coals by rapid heating. 
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Figure 2.--Devolatilization of a subbituminous coal by rapid heating. 

33 



i l  

70 

60 
I- z w 

W 
a, 

50 

w 

- 
z 
0 

7 30 
c( 

cn 
0 
CL r 
E3 20 
Cn 
CL) 
a 

10 

0 

co2 

/ 
/ 

I I 
m m, 

tu1 I I m 
600 700 800 900 1000 1100 1200 

TEMPERRTURE, "C 
Figure 3.--Composition of gas f r o m  devolatilization of Pittsburgh hvAb coal. 

34 

cow 2 
1 I 

i 

I 



I 
/ 

1 

2 50 
. w  

0 
CY w 

40 
a, 
c 
I 
c3 

W 
W 

30 . 
0 
-I w 

20 
I- o 
3 
0 

[L 
E 10 

GRS 

0 
600 700 800 900 1000 1100 1200 

TEMPERRTURE I O C  

Figure 4.--Yields of tar and gas .from devolatilization of Pittsburgh hvAb mal. 

35 

YIELD 4 



PRODUCTION OF LOW BTU GAS 
INVOLVING COAL PYROLYSIS AND GASIFICATION 

C .  Y.  Wen, R. C .  Bailie, C .  Y .  L in  and W. S .  O'Brien 

Chemical Engineer ing  Department 
West V i r g i n i a  U n i v e r s i t y  

Morgantown, West V i r g i n i a  26506 

INTRODUCTION 

Coal burning i s  a " d i r t y "  p r o c e s s ,  w i t h  t h e  major p o l l u t i o n  c u l p r i t s  
now considered as be ing  s o l i d  f l y a s h  p a r t i c u l a t e s  and s u l f u r  d iox ide .  
More than  l i k e l y ,  n i t r o g e n  o x i d e s  and o t h e r  u n d e s i r a b l e s  w i l l  come under 
a t t a c k  a f t e r  t h e  SO2 and f l y a s h  problems have been s a t i s f a c t o r a l l y  c o n t r o l l e d .  
(Jimeson, 1972) Because c o a l  is c u r r e n t l y  t h e  most p l e n t i f u l  sou rce  of 
energy,  t h e  combined e f f o r t s  of i n d u s t r i e s  and governmental  agenc ie s  are 
u r g e n t l y  needed t o  develop economical ,  e f f i c i e n t  and a c c e p t a b l e  methods 
t o  conve r t  c o a l  i n t o  c l e a n  e l e c t r i c a l  power. 

I n  t h i s  paper ,  w e  are p r e s e n t i n g  a scheme t o  p y r o l i z e  caking c o a l  i n  
a f l u i d i z e d  bed,  some expe r imen ta l  d a t a ,  a p y r o l y s i s - g a s i f i c a t i o n  r e a c t i o n  
model and a concep tua l  flowscheme f o r  a p rocess  t o  conve r t  c o a l  i n t o  e l e c t r i c i t y  
v i a  t h e  product ion of low-Btu g a s .  Although t h e  expe r imen ta l  d a t a  p re sen ted  
h e r e  are no t  comprehensive, w e  hope t o  exp lo re  some of t h e  a l t e r n a t i v e s  
involved i n  such a manner as t o  r e c o g n i z e  t h e  most e f f i c i e n t  ways t o  maximize 
t h e  c o a l - u t i l i z a t i o n  e f f i c i e n c y .  

EXPERIMENTAL 

Equipment 

An experimental  15-inch d i ame te r  f l u i d i z e d  bed was used a t  West 
V i r g i n i a  U n i v e r s i t y  f o r  t h e  s t u d y  of t h e  p y r o l y s i s  of c o a l  and o t h e r  carbo- 
naceous compounds. The schemat i c  of t h e  p i l o t - p l a n t  f l u i d i z e d  bed r e a c t o r  
and i t s  a u x i l i a r y  equipment is  shown i n  F igu re  1. 

There are t h r e e  s e c t i o n s  t o  t h e  f l u i d i z e d  bed r e a c t o r .  The h o t  bottom 
i s  a mixing and gas  combustion chamber where t h e  f l u i d i z i n g  gases  a r e  pre- 
h e a t e d  by burning n a t u r a l  g a s  (over  90% methane) i n s i d e  t h e  L-shaped 
chamber. The f l u i d i z i n g  gases  are composed of s p e c i f i c  r a t i o s  of t h e  
combustion p roduc t s  of t h e  n a t u r a l  g a s  and a d d i t i o n a l  a i r .  

Between t h e  gas  combustion chamber bottom and t h e  r e a c t o r  bed 
s e c t i o n  is t h e  high-temperature  g r i d  p l a t e .  This gas  d i s t r i b u t i o n  p l a t e  
i s  114 i nch  t h i c k ,  18 inches  i n  d i ame te r  and made of Type 310 s t a i n l e s s  
s teel .  
Each h o l e  is 0.0960 i n c h e s  i n  d i a m e t e r .  

There a r e  584 h o l e s  i n  a s q u a r e  p a t t e r n  l o c a t e d  on 114 inch  c e n t e r s .  
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I n  t h e  middle of t h e  r e a c t o r  i s  t h e  f l u i d i z e d  bed. This  r e a c t o r  
s e c t i o n  has  a 28-inch o u t s i d e  d iameter  and a 15-inch i n s i d e  d iameter .  The 
i n s u l a t i o n  l i n i n g  is  4 112 inches  of Type 1620-K f i r e  b r i c k  (Babcock and 
Wilcox Company, Augusta,  Georgia) and 2 i nches  of " P l i c a s t  Tuff-Mix" 
c a s t a b l e  r e f r a c t o r y  ( P l i b r i c o  Company, Chicago, I l l i n o i s ) .  The h e i g h t  of 
t h i s  s e c t i o n  is e i g h t  f e e t .  Above t h e  f l u i d i z e d  bed s e c t i o n ,  t h e  reactor 
d iameter  expands t o  a 35-inch o u t s i d e , d i a m e t e r  and a 22-inch i n s i d e  diameter. 
This  p a r t i c l e  d i sengaging  chamber is f o u r  f e e t  h igh  and is l i n e d  i n  the '  
same manner as i n  t h e  f l u i d i z e d  bed s e c t i o n .  

A f t e r  l e a v i n g  t h e  r e a c t o r ,  the e f f l u e n t  g a s e s  are cooled and then  
c leaned  by passage  through e i t h e r  a c a n i s t e r - t y p e  nylon-bag f i l t e r  o r  a 
dry-gas cyc lone  (10 inches  d iameter  and 22 inches  i n  l e n g t h ) .  Before be ing  
f i n a l l y  exhaus ted  t o  t h e  b u i l d i n g  e x t e r i o r ,  t h e  e f f l u e n t  gases  are scrubbed 
i n  a s e r i e s  of two w e t  scrubber 's ,  t h e  f i r s t  be ing  a t r ay - type  and t h e  second 
scrubber  be ing  packed w i t h  one-inch " I n t a l o x  Saddles" (U. S.  Stoneware, 
Akron, Ohio) .  

The s o l i d s  are f e d  i n t o  t h e  f l u i d i z e d  bed by means of a screw conveyor 
having a s p e c i a l l y  des igned  f e e d e r  v a l v e .  The f e e d  l o c a t i o n  i s  f i v e  i n c h e s  
above t h e  gas  d i s t r i b u t i o n  p l a t e  through a 6-inch f l a n g e d  p o r t  i n  t h e  w a l l  
of t h e  r e a c t o r .  The 2 1 1 2  i n c h  screw is  cons t ruc t ed  of carbon s tee l  wi th  
a Type 310 s t a i n l e s s  s t e e l  c o a t i n g  on t h e  wearing s u r f a c e s .  
d e t a i l s  of t h i s  f e e d e r  and t h e  a u x i l i a r y  s o l i d  f e e d  hopper system have 
been desc r ibed  by Burton and Bailie (1973). The f e e d i n g  u n i t  h a s  
performed s u c c e s s f u l l y  i n  f eed ing  1 5  t o  60 pounds of s o l i d s  pe r  hour smoothly 
i n t o  t h e  f l u i d i z e d  bed. 

The c o n s t r u c t i o n  

The gases  l e a v i n g  t h e  f lu id-bed  r e a c t o r  are sampled every  f i v e  
minutes  and ana lyzed  by a Bendix "Chroma-Matic" Model 618 Process  Gas 
Chromatograph (Process  Ins t rumen t s  D i v i s i o n ,  The Bendix Corpora t ion ,  
Ronceverte,  West V i r g i n i a ) .  
H 2 ,  C02, C O Y  CH4 and 02/Argon. 
of t h e  oxygen and t h e  a rgon  composi t ions ,  s i n c e  t h e  gas  chromatograph peaks 
of bo th  components a r e  i d e n t i c a l  when u s i n g  a molecular  sieve column. 
P e r i o d i c a l l y ,  grab-samples of t h e  e f f l u e n t  gases  were withdrawn and ana lyzed  
on a Beckman GC-2A Gas Chromatograph and a F i s h e r  S c i e n t i f i c  Company Gas 
Chromatograph f o r  t h e  gas  components l i s t e d  above, p l u s  a c e t y l e n e ,  e thy lene ,  
e thane  and n i t r o g e n .  

This  u n i t  q u a n t i t a t i v e l y  ana lyzes  t h e  gas  f o r  
The 021Argon v a l u e  is  t h e  a d d i t i v e  sum 

Opera t ing  Procedure  

The r e a c t o r  i s  f i l l e d  wi th  0.025 i n c h  d i a m e t e r  sand t o  a c o l l a p s e d  
The gas  v e l o c i t y  through the' bed i s  main ta ined  a t  bed h e i g h t  of 30 i n c h e s .  

a l e v e l  where a good f l u i d i z a t i o n  of t h e  sand is a s s u r e d ,  and then  t h e  bed 
i s  hea ted  up t o  t h e  p re - se l ec t ed  tempera ture  (1840'F) by t h e  combustion 
of methane i n  t h e  bottom s e c t i o n  of t h e  r e a c t o r .  The o p e r a t i n g  c o n d i t i o n s  i n  
the  r e a c t o r  a r e  summarized i n  Table  1. 
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TABLE 1 

OPERATING CONDITIONS FOR 
FLUIDIZED BED PYROLYSIS REACTOR 

OPERATING TEMPERATURE 1400 - 1900°F 
OPERATING PRESSURE 
COLLAPSED BED HEIGHT 2.5 f e e t  
EXPANDED BED HEIGHT 3.5 - 4 f e e t  
AVERAGE PARTICLE S I Z E  OF SAND 0.025 i n c h e s  
DENSITY OF SOLID SAND PARTICLE 
SUPERFICIAL FLUIDIZING GAS VELOCITY 1.5 f e e t l s e c o n d  

0 - 10 p s i g  

100 pounds/cubic f e e t  

A f t e r  t he  bed r eaches  the d e s i r e d  tempera ture ,  the r a t e  of a i r  
t o  t h e  methane burner  and t h e  r a t e  of i n e r t  g a s  f low a r e  a d j u s t e d  t o  g ive  
t h e  oxygen l e v e l  and gas f low rate s p e c i f i e d  i n  t h e  expe r imen ta l  p l a n .  The 
r e a c t o r  sys tem is then  allowed to come t o  s t e a d y - s t a t e  c o n d i t i o n s  as judged 
by a l e v e l i n g  of t h e  e f f l u e n t  g a s  composi t ion  as r ead  on t h e  con t inuous ly  
o p e r a t i n g  p rocess  gas  chromatograph and by c o n s t a n t  bed t empera tu res .  

The test beg ins  by s lowly  i n t r o d u c i n g  the s o l i d  f e e d  i n t o  t h e  bed 
v i a  t h e  screw feede r .  
t h e  s e n s i b l e  h e a t  r equ i r ed  t o  h e a t  the s o l i d  t o  t h e  r e a c t i o n  t empera tu re  
p l u s  t h e  h e a t  of p y r o l y s i s .  The s o l i d  feed  rate is c a r e f u l l y  a d j u s t e d  s o  
that  the bed tempera ture  does  n o t  d rop  below the d e s i r e d  1400-1500°F 
range .  The r e a c t i o n  sys tem is then allowed t o  come t o  a new s t e a d y - s t a t e  
c o n d i t i o n  w i t h  a c o n s t a n t  s o l i d s  f e e d  ra te ,  and t h e  f eed  r a t e  of the s o l i d s  
is then  determined by weight  d i f f e r e n c e .  

The bed t empera tu re  immediately drops  because  of 

Exper imenta l  Data 

The results of t h e  c o a l  and sawdust p y r o l y s i s  exper iments  are re- 
po r t ed  h e r e .  The  composition of these two s o l i d  f eed  m a t e r i a l s  are l i s t e d  
i n  Table  2 .  Four tests were made w i t h  sawdust and one tes t  us ing  c o a l .  In 
a d d i t i o n ,  s e v e r a l  t ypes  of carbonaceous s o l i d s  were pyrolyzed i n  t h e  f l u i d i z e d  
bed ,  i n c l u d i n g  munic ipa l  s o l i d  waste, ch icken  and cow manure, rubbe r ,  p l a s t i c ,  and 
sewage s ludge .  

TABLE 2 B ITTJMINOUS 
SAWDUST COAL 

COMPOSITION OF SOLID FEED MATERIAL 

MOISTURE (Weight %, Wet B a s i s )  
ULTIMATE ANALYSIS (Weight %, Dry Bas i s )  

CARBON 
HYDROGEN 
OXYGEN 
SULFUR 
NITROGEN 
ASH 

HEATING VALUE (Btu/Dry Pound) 
PARTICLE SIZE (Harmonic Mean Diameter) 

i n  n;icrons 

2.62 

47.20 
6.49 

45.34 
- 
- 

0.97 
8114 

603 

3.42 

73.3 
5.34 

10.23 
2.80 
0.70 
7.57 

13  , 097 
504 

‘i 
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A s  desc r ibed  p rev ious ly  i n  t h i s  paper ,  i n  t h e  cour se  of t he  r e a c t i o n  
test  t h e r e  were two p e r i o d s  of s t e a d y - s t a t e  r e a c t o r  o p e r a t i o n ,  t he  f i r s t  
per iod  j u s t  b e f o r e  t h e  s o l i d  i s  in t roduced  i n t o  t h e  f l u i d  bed ,  and t h e  
second p e r i o d  happening du r ing  t h e  c o n s t a n t - r a t e  s o l i d s  f eed ing .  In  the 
case  of a l l  f i v e  tests, t h e  r e a c t o r  o p e r a t i o n  j u s t  p r i o r  t o  feeding  t h e  
s o l i d s  were i d e n t i c a l ,  a s  l i s t e d  i n  Table  3. 

TABLE 3 

OPERATING CONDITION VALUES 
DURING PYROLYSIS EXPERIMENTS 

INLET FLOW RATE OF AIR: 35.26 SCFM 
INLET FLOW RATE OF NATURAL GAS: 3.40 SCFM 
REACTOR TEMPERATURE PRIOR TO FEEDING SOLIDS: 1840°F 
DRY COMPOSITION OF GAS EXITING REACTOR BEFORE SOLIDS FEED I S  STARTED 

H2 - 0.1123% C02 - 10.1674% 
OZ/Argon - 1.1808% CH4 - 0.0726% 

remainder i s  assumed t o  b e  N2 

STEADY-STATE C O N D I T I O N S  DURING SOLIDS PYROLYSIS 

COAL SAWDUST TESTS 
A TEST - C - B - 

Opera t ing  T i m e  Under 
S teady-Sta te  Condi t ions  155 86 75 70 

(Minutes) 

Reac tor  Temperature,OF 1430 1430 1460 1450 

S o l i d s  Feed Rate 
(Dry Pounds/Minute) 0.336 0.368 0 .122  0.682 

D - 

577 

1500 

0.342 

A f t e r  t h e  s o l i d s  were f e d  i n t o  t h e  r e a c t o r  and a f t e r  t h e  s y s t e m  
aga in  reached s t e a d y - s t a t e  c o n d i t i o n s ,  the  e f f l u e n t  gas  w a s  ana lyzed ,  w i t h  
t h e  r e s u l t i n g  e f f l u e n t  gas  composi t ion  v a l u e s  f o r  each  of t h e  f i v e  exper iments  
g iven  i n  Table  4. 
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TABLE 4 

PERCENT COMPOSITION OF EFFLUENT GAS (DRY) 
DURING PYROLYSIS EXPERIMENTS 

COAL 
TEST -- 

MEASURED BY PROCESS 
GAS CHROMATOGRAPH 

H2 4.954 
11.288 
0.885 
1.790 
2.244 

co2 

CH4 
0 2 / A r  gon 

co 

MEASURED BY RESEARCH 
GAS CHROMATOGRAPH 

0.215 
NM ZH4 

C2H6 0.113 
N2 73.451 

C2H2 

NM - Not Measured 

A - 

4.577 
12.180 

0.810 
2.235 
7.543 

0.532 
NM 

0.113 
73.451 

SAWDUST 
B - 

2.498 
12.108 

1.070 
0.318 
2.206 

0.068. 
NM 

0.035 
80.783 

TESTS 
C 

6.030 
12.237 

0.825 
3.305 

11.498 

0.960 
0.073 
0.159 

66.745 

D - 

5.208 
11.468 

0.934 
1.850 
7.565 

0.557 
0.047 
0.055 

73.527 

The composition v a l u e s  of COp,O2/Argon, CO,  CH4 and H2 were averaged 
from t h e  a n a l y s i s  r ead ings  of the p rocess  gas  chromatograph, and t h e  composi- 
t i o n  v a l u e s  of C2H2, C2H4,  C2H6 and N2 were averaged from t h e  a n a l y s e s  
by t h e  r e s e a r c h  gas  chromatographs of s e v e r a l  grab samples t aken  du r ing  t h e  
d u r a t i o n  of t h e  tes t .  

Using t h e s e  expe r imen ta l ly  measured gas  a n a l y s i s  v a l u e s ,  a mass 

The mass ba lances  were q u i t e  good cons ide r ing  
ba lance  w a s  computed about  t h e  r e a c t o r  system u s i n g  t h e  n i t r o g e n  flow rate 
as t h e  c a l c u l a t i o n  base.  
t h e  2-5% accuracy of t h e  flow-measuring meters and a n a l y t i c a l  i n s t r u m e n t s .  
The gas  produced from t h e  c o a l  o r  sawdust p y r o l y s i s  is cons ide red  t o  be t h e  
n e t  gas  flow rate v a l u e ,  a f t e r  s u b t r a c t i n g  t h e  v o l u m e t r i c  f l o w r a t e  of t h e  
e f f l u e n t  gases  p r i o r  t o  f e e d i n g  t h e  s o l i d s  from t h e  f l o w r a t e s  of t h e  gases  
l e a v i n g  t h e  r e a c t o r  d u r i n g  t h e  s o l i d s  p y r o l y s i s  r e a c t i o n .  These computed 
" P y r o l y s i s  Gas Product ion Values ' '  f o r  t h e  f i v e  expe r imen ta l  runs .  are l i s t e d  
i n  Table  5 .  
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TABLE 5 -- 

COMPUTED PYROLYSIS GAS 
COMPOSITIONS AND PRODUCTION RATES 

PYROLYSIS GAS 
COMF’OSITION COAL SAWDUST TESTS 
(Volume % dry)  D - C - B - A - TEST - 

H2 46.876 25.645 37.493 23.592 30.022 
11.685 14.965 24.256 14.075 11.105 
16.630 12,427 3.724 11.880 10.483 
21.722 43.264 33.824 45.714 44.513 co 

C2H2 2.081 3.050 1.043 3.817 3.277 
NM NM NM 0.290 0.277 
1.007’ 0.648 0.537 0.632 0.324 

C2H4 
C2H6 

co2 
CH4 

PRODUCTION RATE 
(SCFf Pound Dry 

f eed )  10.92 18.25 18.20 15.95 18.62 

GAS HEATING VALUE 
(Btu/SCF) 435 398 286 412 399 

NM - Not Measured 

The r e s u l t s  of t h e s e  experiments  i n d i c a t e  t h a t  c o a l  can be  
pyrolyzed t o  y i e l d  10.92 SCF of a 435 BtufSCF gas p e r  pound of d r y  f e e d .  
S i m i l a r l y ,  one pound of d r y  sawdust can  be  pyro lyzed  i n t o  18.29 SCF of 
a 398 BtufSCF p y r o l y s i s  gas .  

ASPECTS OF A PYROLYSIS REACTION MODEL 

General ized C r i t e r i a  f o r  a Coal P y r o l y s i s  Model 

When a c o a l  p a r t i c l e  i s  py ro lyzed ,  t h e  fo l lowing  p roduc t s  are 
g e n e r a l l y  found: 
d e n s i b l e  l i q u i d  hydrocarbonssuch as benzene, toluene,  e t c . ,  aqueous 
compounds and s o l i d  cha r .  When des ign ing  a c o a l  conversion p l a n t ,  one may 
des ign  t h e  r e a c t o r  system t o  maximize t h e  p roduc t ion  of t h e  gaseous 
hydrocarbon, t h e  l i q u i d  hydrocarbon, o r  t h e  cha r  p roduc t s .  The s l o t - t y p e  
coke oven i s  d e l i b e r a t e l y  designed t o  maximize t h e  char p roduc t ion  by 
al lowing t h e  v o l a t i l e  gases  t o  evolve s lowly from t h e  s o l i d  phase wi thou t  
e x t e r i o r  gas  pu rg ing ,  t he reby  p ro long ing  t h e  gas - so l id  c o n t a c t  t i m e .  

ga ses  such as C O Y  H 2 ,  CH4,  C2H2, C2H6, C02,etc. ,  con- 

Upon h e a t i n g  c o a l  becomes s o f t e n e d  and forms a m e t a p l a s t i c  w i th  
s imultaneous d e v o l a t i l i z a t i o n s  of vapor pushing s u r f a c e  bitumen from 
i n t e r i o r  of p a r t i c l e .  I f  h e a t i n g  r a t e  is r a p i d ,  this phenomena is so  
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v i o l e n t  t h a t  t h e  p a r t i c l e  l i t e r a l l y  b u r s t s  and develops a s o l i d  wi th  a l a r g e  s u r f a c e  
a r e a  s o l i d  m a s s .  I f  t he  h e a t i n g  r a t e  i s  s low,  t h e  products  du r ing  p y r o l y s i s  
tend t o  repolymerize i n t o  l a r g e ,  mor'e t he rma l ly  s t a b l e  molecules of s o l i d  
matter t h a t  are r e t a i n e d  i n  t h e  i n t e r s t i c e s  of t h e  r e s i d u a l  cha r  p a r t i c l e .  
A t  h igh  t empera tu res ,  t h e  p r o d u c t s  of p y r o l y s i s  are lower i n  molecular  
weight  than those  produced a t  lower temperatures .  

The maximization of t h e  condens ib l e  hydrocarbon p roduc t ion  i s  
reached when the  evolved v o l a t i l e  product  i s  quenched or cooled r a p i d l y  
a f t e r  l e a v i n g  t h e  s o l i d  phase,  a l l o w i n g  a minimum of t i m e  f o r  t h e  l a r g e r  
molecules  t o  thermally decompose i n t o  t h e  lower molecular  weight  gases .  
I n  converse,  t h e  s y n t h e s i s  gas  p roduc t ion  is  maximized i f  t h e  v o l a t i l e  
hydrocarbon p roduc t s  a r e  h e l d  a t  a h i g h  temperature  f o r  a prolonged per iod 
of t i m e .  This  exposure t o  h igh  t empera tu res  w i l l  c r ack  t h e  tars and o t h e r  
condens ib l e  molecules  t o  lower c h a i n  a l i p h a t i c s  - CH4, C2H6, C3H8, e t c .  
The p y r o l y s i s  r e a c t i o n  mechanism has been  d i scussed  by a number of inves-  
t i g a t o r s .  (Burton and Bai l ie  (1972) ,  P e t e u a n d  Ber th ing ,  (1964),  Kertamus 
and H i l l  (1964),  Jones (1964),  Ki rov  and Stephens (1967),  and Squ i re s  
(1972). Squ i re s  c i t e s  expe r imen ta l  d a t a  r e p o r t e d  by Schroeder (1962) 
i n  which c o a l ,  ca t a lyzed  w i t h  1% molybdenum and i n  a hydrogen atmosphere 
a t  800°C y i e l d e d  a 42.2% l i q u i d  hydrocarbon f r a c t i o n  a f t e r  a 5 second gas  
r e s i d e n c e  t i m e ,  a 23% l i q u i d  f r a c t i o n  y i e l d  a f t e r  a gas  r e s idence  time of 
10 seconds,  and ,  a f t e r  a 25 second r e s i d e n c e  t i m e  of t h e  g a s ,  t h e  l i q u i d  
f r a c t i o n  y i e l d  was only 9.9%. 

Although t h e  l i q u i d  f r a c t i o n  w a s  no t  c o l l e c t e d  i n  t h e  experiments  
wh i l e  f e e d i n g  c o a l  or sawdust,  a l i q u i d  f r a c t i o n  and a cha r  f r a c t i o n  w a s  
c o l l e c t e d  w h i l e  py ro lyz ing  a mun ic ipa l  s o l i d  w a s t e  mixture .  
f r a c t i o n  was analyzed a s  r e p r e s e n t i n g  7,0% and t h e  char  f r a c t i o n  was 13.5% 
(moi s tu re  and a sh - f r ee  weight b a s i s )  of t h e  i n l e t  s o l i d  f eed .  This  c o n t r a s t s  

w i t h  t h e  d a t a  r epor t ed  by Sanner ,  e t  a l .  (1970),  who d e s t r u c t i v e l y  d i s t i l l e d  
a munic ipa l  r e f u s e  i n  a r e t o r t ,  c o n s t r u c t e d  t o  s i m u l a t e  a coke oven p rocess .  
They found t h a t  a t  900°C, t h e  l i q u i d  f r a c t i o n  from t h e  r e f u s e  w a s  about 
47% and t h e  cha r  f r a c t i o n  w a s  c l o s e  t o  9%. The equipment used by Sanner,  
e t  a l . ,  a l lowed t h e  e f f l u e n t  g a s e s  t o  b e  cooled immediately a f t e r  l eav ing  
t h e  r e t o r t ,  w h i l e  t h e  e x i t i n g  g a s e s  w e r e  he ld  for more t h a n  8-10 seconds 
a t  c l o s e  t o  t h e  r e a c t i o n  t empera tu re  a f t e r  l e a v i n g  t h e  p y r o l y s i s  zone of 
t h e  f l u i d  bed r e a c t o r ,  t h u s  accoun t ing  f o r  t h e  condensible  hydrocarbon 
f r a c t i o n  from t h e  f l u i d  bed be ing  a 40% smaller va lue .  

The l i q u i d  

I n  F i g u r e  2 ,  t h e  f i n a l  conve r s ion  of c o a l  a t t a i n a b l e  a s  a f u n c t i o n  

' of t h e  c o a l  avo ids  t h e  po lymer i za t ion  r e a c t i o n  which can t u r n  t h e  c o a l  t o  
S ince  t h e  o b j e c t i v e  i s  t o  

of o v e r a l l  h e a t i n g  ra te  is shown. Th i s  f i g u r e  i n d i c a t e s  t h a t  r ap id  h e a t i n g  

s t a b l e  cha r  b e f o r e  v o l a t i l e  m a t t e r  i s  evolved. 
"cream o f f "  t h e  c o a l  t o  o b t a i n  as high h e a t i n g  v a l u e  gas  a s  p o s s i b l e ,  a 
t empera tu re  of approximately 1400-1500°F was s e l e c t e d  f o r  experimentat ion.  
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Mathematical Model f o r  Coal P y r o l y s i s  Reac t ion  

A mathematical  model i s  formula ted  h e r e  based on an  assumption t h a t  
t h e  weight l o s s  du r ing  p y r o l y s i s  r e a c t i o n  is c l o s e l y  r e l a t e d  t o  h e a t i n g  
r a t e  of t he  c o a l  p a r t i c l e ,  w h i l e  t h e  products  d i s t r i b u t i o n  i s  p r i m a r i l y  
determined by t h e  vapor  r e s i d e n c e  t i m e .  

A h e a t  ba l ance  on a py ro lyz ing  c o a l  p a r t i c l e  may b e  w r i t t e n  as: 

a L T  2 aT  3 k ( + - -1 -  r rate)(^^) = p c r a r  R s Ps a t  

where ra te  = !?& = k ( f  - X) 
3 d t  

The ra te  of p y r o l y s i s  is assumed t o  b e  p r o p o r t i o n a l  t o  the  amount 
of unconverted p o r t i o n  of c o a l  which w i l l  e v e n t u a l l y  be  d i s t i l l e d ' o f f  a t  t h e  
given cond i t ion .  Thus, f ,  t h e  f i n a l  conve r s ion  a t t a i n a b l e  i s  a cons t an t  
which depends on r e a c t o r  tempera ture  and type  of c o a l  employed, as shown 
i n  F igure  3. Equation (1) can  be  so lved  numer i ca l ly  based on t h e  fo l lowing  
boundary cond i t ions :  

I t = 0,  T = To and X = 0 

The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  p a r t i c l e  i n c l u d e s  convec t ive ,  
conduct ive  and r a d i a t i v e  h e a t  t r a n s f e r .  
is  normally r a t h e r  small ,  roughly 300 Btulpound c o a l .  
a s s o c i a t e d  wi th  h e a t  of p y r o l y s i s  i s  n e g l e c t e d ,  t h e  s o l i d  tempera ture  can  
be  approximately r e l a t e d  t o  t i m e  as: 

The h e a t  of r e a c t i o n  f o r  p y r o l y s i s  
Thus, i f  t h e  term 

When c o a l  p a r t i c l e s  are blown i n t o  a h o t  f l u i d i z e d  bed ,  t h e  hea t  
t r a n s f e r  c o e f f i c i e n t  is s o  l a r g e  (approximate ly  25 B tu lh r  f t 2 " F )  t h a t  
t he  p a r t i c l e  r eaches  bed tempera ture  w i t h i n  a few seconds a s  shown i n  F igure  4 .  

The c a l c u l a t e d  tempera ture  and t i m e  r e l a t i o n  f o r  f l u i d i z e d  bed 
py ro lys i s  a t  t h e  bed tempera ture  of 1450" 2, 1500°F is shown f o r  bituminous 
coa l  of p re sen t  s t u d y  and E lko l  c o a l  r e p o r t e d  by J o n e s ,  e t  a l .  (1964). The 
c a l c u l a t e d  convers ion  us ing  a k i n e t i c  rate c o n s t a n t ,  k = ko exp(-Efir), where 
ko = 1.224 x l o 3  l b / ( f t 2  h r )  and E = 2100 Btullb-mole ( 4 . 6  Kca l /mole ) , i s  
p resented  i n  F igu re  5. 
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CONCEPTUAL FLOWSCHEMES OF LOW-BTU GAS FROM COAL 
AND SUBSEQUENT ELECTRICITY CONVERSION PROCESSES 

A number of  conceptual  d e s i g n s  have a l r e a d y  been  proposed t o  
conve r t  a low-Btu gas and t h e n  c o a l  i n t o  e l e c t r i c a l  power e f f i c i e n t l y  and 
c l e a n l y .  A modi f i ca t ion  of t h e  Bituminous Coal Research 's  high-Btu 
"BI-GAS" P rocess  two-stage g a s i f i e r  h a s  been proposed t o  u t i l i z e  a i r  i n s t e a d  
of pure oxygen and t o  o p e r a t e  t h e  g a s i f i e r  a t  300 p s i g .  BCR concluded t h a t  
an i n - p l a n t  c o a l  g a s i f i c a t i o n  p r o c e s s  may compare f avorab ly  w i t h  o t h e r  
envi ronmenta l  c o n t r o l  concepts  (such as t a i l - end  SO2 removal),  i f  t h e  t o t a l  
c o a l - t o - e l e c t r i c i t y  p rocess  were t o  b e  re-designed i n t o  an op t ima l  system, 
(Bituminous Coal Research (1971)) .  

I n  t h i s  s e c t i o n  we i n t e n d  t o  d e s c r i b e  a concep tua l  p rocess  
a l t e r n a t i v e  based on t h e  expe r imen ta l  data  p resen ted  i n  t h e  p rev ious  
s e c t i o n ,  and t o  use  this flowscheme t o  show t h a t  t h e r e  w i l l  be  a d i s t i n c t  
advantage i n  cons ide r ing  a two-step c o a l  g a s i f i c a t i o n  subsystem. I n  
t h e  f i r s t  s t e p ,  t h e  coa l  is pyrolyzed  t o  r e l e a s e  t h e  l a r g e r  molecule 
hydrocarbons,  such as methane, e t h a n e ,  propane, e t c . ,  which Arthur 
S q u i r e s  c a l l s  t h e  "cream" of t h e  decomposition p roduc t s  of t h e  c o a l  
"molecule" (Squ i re s  (1972)).  The second-step g a s i f i e r  v e s s e l  r e a c t s  t h e  
r e s i d u e  p y r o l y s i s  char  w i t h  steam and a i r  t o  form t h e  gas  c o n t a i n i n g  H2, 
CO, CO2 e t c . ,  t h a t  i s  needed t o  f l u i d i z e  t h e  py ro lyze r .  

The two p rocesses  compared h e r e  are i l l u s t r a t e d  i n  Figures  6 and 
7. I n  F i g u r e  6 ,  t h e  "one-step" Coal G a s i f i e r  is i l l u s t r a t e d ,  i n  which 
t h e  r a w  c o a l  is f e d  d i r e c t l y  i n t o  t h e  high-temperature (1900°F) s y n t h e s i s  
gas g e n e r a t o r  o p e r a t i n g  a t  150 p s i g .  There,  t h e  c o a l  is d i r e c t l y  g a s i f i e d  
w i t h  a i r  and steam t o  produce a stream of H2, CO, H 2 0 ,  CO2, CH4, H2S and 
N 2 .  This product gas is c leaned  of t h e  H2S and o t h e r  i m p u r i t i e s  and is then  
burned i n  a combustion chamber. 
chamber are then  s e n t  through a combined gas t u r b i n e  - steam t u r b i n e  cyc le .  
The c o a l  would have  t h e  same composi t ion as was  used i n  t h e  p r e s e n t  p y r o l y s i s  
experiments  (Table 2 ) .  I n  t h i s  model, t h e  g a s i f i e r  sys tem was assumed t o  
o p e r a t e  a d i a b a t i c a l l y ,  t h e  gases - H2, CO, C02, H20 - are assumed t o  emerge 
from t h e  r e a c t o r  i n  t h e  same composi t ion r a t i o  as t h e  e q u i l i b r i u m  composition 
of t h e  wa te r -gas - sh i f t  r e a c t i o n ,  and t h e  carbon-steam r e a c t i o n  p roduc t s  are 
at  a 20% approach t o  thermodynamic e q u i l i b r i u m .  

The e f f l u e n t  gases  from t h e  combustion 

The "Two-Step Coal Pyro lys i s -Gas i f i e r ' '  is i l l u s t r a t e d  i n  Figure 7 .  
The r a w  c o a l  is f e d  t o  t h e  f l u i d i z e d  bed where t h e  p y r o l y s i s  of t h e  c o a l  
t a k e s  p l a c e  at  1400°F. 
chemical  r e a c t i o n s  between t h e  f l u i d i z i n g  gases  and t h e  v o l a t i l i z e d  coal-  
p y r o l y s i s  product gases. 
from t h e  c o a l  p y r o l y s i s  r e a c t i o n  are produced a t  t h e  same r a t e  and i n  
t h e  same composition as was produced i n  t h e  expe r imen ta l  bed desc r ibed  
i n  t h e  p rev ious  s e c t i o n .  The c h a r  s e p a r a t e d  from t h e  e f f l u e n t  gas is then 
r e a c t e d  wi th  a i r  and steam t o  produce t h e  f l u i d i z i n g  gases f o r  

It i s  c o n s e r v a t i v e l y  assumed t h a t  t h e r e  a r e  no 

It i s  also assumed t h a t  t h e  product  gases  evolved 

I 
I 

I 

I 
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f 

co2 co H2 H20  CH4 C2H2 C2H6 H2S 

GASIFIER 1.00 34.77 9.34 0.51 0.20 - - 0.82 

coal-pyrolyzer. 
t o  the g a s i f i e r  i n  order  t o  maintain the  1900'F g a s i f i e r  temperature and to  
produce enough gas t o  f l u i d i z e  t h e  incoming c o a l  i n  t h e  pyrolyzer. 
gas produced i n  t h i s  two-stage g a s i f i c a t i o n  system i s  then p u r i f i e d  t o  
remove the  s u l f u r  and other  undesr iable  compounds, and is  then burned i n  the  
combustion chamber with t h e  combustion gases processed t o  generate  e l e c t r i c i t y  
i n  the same gas- and steam-turbine system as  descr ibed previously. 

A s m a i l  amount of raw coal  must be added t o  t h e  char feed 

The 

I n  Table 6 e f f l u e n t  gas compositions from pyrolyzer  and g a s i f i e r  
a r e  l i s t e d  respec t ive ly .  

N2 

53.36 

TABLE 6 
COMPOSITIONS OF EFFLUENT GASES FROM PYROLYZER AND GASIFIER 

PYROLYZEq 3.19 31.54 16.95 1.78 3.59 0 . 4 3  0 . 2 1  0.64 ~ 41.68 

A s  can be  seen  i n  Figure 8 ,  the  "Two-Stage Pyrolyzer-Gasifier" System 
generates  e l e c t r i c i t y  with a 2% o r  b e t t e r  thermal e f f i c i e n c y  than does t h e  
"Single-Step Coal G a s i f i e r  System". 
the  heat  equivalent  of the  product e l e c t r i c i t y  generated divided by t h e  
heat  of combustion of the i n l e t  coa l  feed.  

The thermal e f f i c i e n c y  is  defined a s  

I' 

The e l e c t r i c i t y  generat ing a b i l i t y  of t h e  present  day gas turb ines  
are l imi ted  by the  temperature of t h e  i n l e t  gases ,  t h e  maximum allowable 
operat ing l i m i t  of around 2000°F governed by t h e  thermal to le rance  o r  t h e  
turbine cons t ruc t ion  metal .  Figure 8 i n d i c a t e s  t h e  e f f e c t  t h a t  a 200'F 
higher i n l e t  gas temperature w i l l  make on the o v e r a l l  process  e f f ic iency .  

A very important system des ign 'cons idera t ion  i s  t h e  degree of carbon 
u t i l i z a t i o n  i n  the  synthesis-gas generator .  An i n c r e a s e  of 5% carbon 
u t i l i z a t i o n  i n  the  g a s i f i e r  implies  an increase  of approximately 2% o v e r a l l  
p lan t  thermal e f f ic iency .  

I 1 I 1'' 

CONCLUSION 

Experimental d a t a  of coal  pyro lys i s  i n  a sand f l u i d i z e d  bed i n d i c a t e s  
t h a t  i t  i s  poss ib le  t o  e x t r a c t  considerable  amounts of hydrocarbons 
from t h e  caking coa l  by a rap id  hea t ing  and subsequent cracking i n  t h e  vapor 
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phase.  
h o t  sand and e l u t r i a t i n g  t h e  c h a r  a long  w i t h  gaseous product  from t h e  f l u i d i z e d  
bed.  
h e a t i n g  r e q u i r e d  f o r  t h i s  p r o c e s s .  
i n  c o a l  i s  e x t r a c t e d  either as f r e e  hydrogen o r  as hydrocarbons i n  t h e  gas 
phase product .  
c h a r  t o  g e n e r a t e  s y n t h e s i s  g a s  by g a s i f i c a t i o n  wi th  a i r  and steam f o r  use  
i n  t h e  pyro lyzer .  
p r o c e s s  w i t h  the combined gas  and steam t u r b i n e  c y c l e  shows t h a t  t h i s  scheme 
is a promising way t o  produce c l e a n  power from coal .  

T h i s  is  done by blowing p u l v e r i z e d  c o a l  i n t o  a f l u i d i z e d  bed of 

The ex t remely  good h e a t  t r a n s f e r  of t h e  f l u i d i z e d  bed p r o v i d e s  t h e  r a p i d  
I n  t h i s  manner, t h e  v a l u a b l e  hydrogen 

A c o n c e p t u a l  scheme i s  p r e s e n t e d  which u t i l i z e s  t h e  product  

The thermal e f f i c i e n c y  c a l c u l a t e d  based on t h e  two s t a g e  
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/ NOTATION 

cPs 
E 

f 
I 

/ 

\ 

h 

rate 
il 

r 

T 

J 

TO 

Tb 

TS 

t 

X 

P S  

Heat capacity of solid (Btu/lb) 

Activation energy (B tu/mo le) 

Fiual conversion attainable - 
Heat transfer coefficient, include convection and radiation 

Rate constant 

Frequency factor 

Thermal conductivity of particle 

(B t u/ f t 2-h r-' R) 
(lb / f t2-hr ) 
(lb / f  t *-hr) 

(B tu / f t -hr- R) 

Radius of particle (ft) 

Gas constant (Btu/mo le- O R )  

Reaction rate (lb / f  t2-hr) 

Radial distance in particle (cm) 

Solid temperature at r = r (OR) 

Room temperature ( O R )  

Bed Temperature (OR) 

Surface temperature of Solid particle (OR) 

Solid residence time (hr) 

Solid conversion, dry-ash-free basis - 
Solid density (lb/f t3) 
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FIGURE 4 

CALCULATED PARTICLE TEMPERATURE AS A FUNCTION OF TIME FOR PYROLYSIS 
REACTION IN FLUIDIZED BED SYSTEMS 
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FIGURE 5 

CALCULATED PARTICLE VOLATILE MATTER CONVERSION AS A FUNCTION OF TIME 
FOR PYROLYSIS REACTION IN FLUIDIZED BED SYSTEMS 
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Carbon conversion = 0.85 
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Figure 8 Thermal Efficiencies Of Two Processes Converting 
Coal To Electricity 
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M. Model1 

High temperature arc o r  p ma pyro lys i s  of coa l  produces ace ty lene  as the  
p r i n c i p a l  hydrocarbon product". Furthermore, yields of acetylene i n  a hydrogen 
atmosphere are enhanced a f a c t o r  of t h r e e  over those  achieved i n  an argon atmosphere. 
Consis tent  wi th  the experimental  r e s u l t s ,  thermodynamic da ta  show t h a t  acetylene 
is the  only s t a b l e  hydrocarbon molecule ab0 e 1500°C, and below about 120OOC i t s  
thermodynamic s t a b i l i t y  decreases  rapidly7rst  9; experimental  evidence a l s o  supports 
t h a t  high temperature acetylene-containing hydrocaxbon streams must be  quenched 
r a p i d l y  i n  o rde r  t o  prevent  decomposition t o  carbon blacg' .  

During the  dura t ion  of a program t o  convert c o a l  t o  acetylene caxried out  a t  
Avco/Systems Divis ions  Laborator ies ,  a number of h igh  temperature a r c  r eac t ion  
concepts were t e s t e d .  The i n i t i a l  conversion scheme u t i l i z e d  coa l  as the  
consumable anode of a DC arc, and t h e  process  schematic i s  shown i n  Figure 1. 
The consumable anode pyro lys i s  of coa l  has been descr ibed i n  d e t a i l  i n  Reference 5, 
b u t  here, b r i e f l y ,  crushed coal, t y p i c a l l y  10-20 mesh, i s  f e d  i n t o  an e l e c t r i c a l  
d i scharge  sus ta ined  between a g r a p h i t e  cathode and the  c o a l  at a feed  rate 
cons i s t en t  with the  sur face  py ro lys i s  rate. 
su r face  pyrolyzes t h e  coal, and t h e  hydrocarbon products formed a r e  quenched 
downstream of t h e  asc zone by i n j e c t i n g  a gas  i n  order  t o  preserve the  acetylene 
produced i n  the  discharge region.  
any unreacted coa l ,  s p i l l s  Over t h e  s i d e s  of the anode f eed  tube. 

The r ap id  hea t ing  occurr ing a t  t he  

The s o l i d  res idue ,  cons i s t ing  of char  and 

A schematic diagram of t h e  experimental  r e a c t o r  showing the  coa l  f eed  tube, 
gas  quenching po r t s ,  and the product  sampling pos i t i ons  is  given i n  Figure 2. 
The gas sampling tubes were loca ted  at s e q u e n t i a l  pos i t i ons  downstream of t h e  a rc  
zone i n  order  t o  determine i f  any ace ty lene  decomposition were occurr ing i n  the  
gas stream. 
produced i d e n t i c a l  r e s u l t s  (a l though probing of t h e  high temperature a r c  zone 
wi th  a small diameter, water-cooled tube produced higher  acetylene concentrat ions 
i n d i c a t i n g  t h a t  some decomposition w a s  occurr ing even before  the  gas reached the  
f i rs t  sampling pos i t ion ;  t he  y i e l d  and decomposition d a t a  t h a t  a r e  repor ted  sub- 
sequent ly  were obtained from bwnstream sampling pos i t i ons  and, thus ,  are not  
confused with u l t ra -h igh  quench rate ambigui t ies ) .  

Simultaneous saxpl ing  a t  a l l  t h r e e  p o s i t i o n s  shown i n  Figure 2 

1 

\ 
4 

I 
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Hydrocarbon product analyses were carried out on an FW 700 chromatograph using 
a Porapak Q column and a flame ionization detector.  (Other gases such as CO, H2S, 
COS, CS2, etc., were determined on a FW 720 thermal conductivity c h r a t o g r a p h i c  un i t  
data using argon and hydrogen a s  quench gases are given i n  Figure 3, and the  da ta  
show that a t  a l l  power leve ls  studied the  y ie ld  of acetylene is 2-3 times grea te r  
with hydrogen as the  quench medium. 

Pyrolysis of coal  with consequent formation of acetylene i n  an i n e r t  plasma 
environment i s  evidence t h a t  the  carbon and hydrogen present i n  the  coa l  a r e  
reacting, i .e., 

C ( i n  coal) + H ( in  coal) -* C2H2 (1) 

although Equation (1) i s  obviously an oversimplification of acetylene formation, 
and no mechanism i s  implied. 

Several explanations f o r  t he  higher yields found with hydrogen can be 
proposed, viz., 

1. hydrogen generates addi t iona l  acetylene from t h e  carbon i n  coal  
via  so l id  carbon-gaseous hydrogen reaction, a y i e ld  contribution 
which i s  absent i n  an  i n e r t  atmosphere, i.e., 

C ( i n  coal)  + H2 C2H2 ( 2 )  

or  

2. hydrogen i s  a more e f fec t ive  coolant or preserver of acetylene than 
i s  argon because of mass t ransfer  or thermal conductivity considerations, 

3. hydrogen a c t s  as some chemical reactant i n  the  quenching s tep,  
preventing the  decomposition of acetylene t o  carbon black. 

The most obvious explanation f o r  the improved acetylene yields found with a 
hydrogen quench i s  Postulate 1, viz., addi t iona l  reactions occurring between 
carbon in  t h e  coal and the  gaseous hydrogen environment, and t h i s  reaction 
contribution was subsequently t e s t ed  by reacting char and hydrogen. Hydrogen-free 
char (collected from previous arc-coal t e s t s )  was reacted i n  the  a r c  environment; 
however, acetylene y ie lds  were only minhal5,  f a r  below the  leve ls  required t o  
explain the fac tor  of t h ree  difference between t h e  argon and hydrogen r e su l t s  s h m  
i n  Figure 3. 

Other experiments i n  the  consumable anode, a r c  reac tor  showed that i f  no quench 
were used, acetylene y ie lds  were very small with subs t an t i a l  carbon black formation 
on the  reactor w a l l s ,  indication that decomposition of acetylene i n  t h e  product 
stream was occurring, again i n  agreement with t h e  thermodynamic data and other 
experimental evidence. 
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The coal pyrolysis scheme underwent a number of modifications i n  both reactor  
design and reaction philosophy during t h e  course of the  program. It was found, 
f o r  example, that one of t h e  most ser ious causes of acetylene decanposition ( i n  
e i t h e r  t h e  argon or hydrogen case) was t h e  contact between the  incandescent surface 
char layer and the acetylene which w a s  generated below the  surface. Examination 
of l a rge  char p a r t i c l e s  shared that carbon black was present i n  the  pores of the 
structure6. 
t o  about 1% (based on t o t a l  cca l ) ,  but, f i n a l l y ,  cer ta in  materials erosion problems 
sh i f ted  emphasis from the consumable anode concept t o  a plasma reactor sham i n  
Figure 4. The reactor  description and operation have been covered f u l l y  i n  
Reference 10, but here,  a g a i n  b r i e f l y ,  powdered coal, typ ica l ly  -100 mesh, is  carried 
downward v i a  hydrogen through a magnetically rotated a r c  region, a t  a veloci ty  of a 
several  hundred f t / sec .  A few inches downstream t h e  hydrocarbon stream is  quenched 
(and several  a l te rna t ives  employing coal,  or a hydrocarbon, or so le ly  hydrogen were 
t e s t e d ) .  Acetylene yields and e l e c t r i c a l  energy consumptions i n  t h i s  reactor  
approached economically viable  levels ;  i n  the rotat ing arc  reactor  hydrogen s t i l l  
produced subs tan t ia l ly  higher acetylene yields  than did an argon quench. 

Feeding hydrogen up through t h e  coal resulted i n  increased yields,up 

In order t o  separate the  acetylene forming s tep  from t h e  acetylene preserving 
s tep  i n  t h i s  coal pyrolysis scheme, and a l s o  i n  order t o  determine quant i ta t ively 
the  r o l e  of hydrogen i n  the process, t e s t s  were carr ied out i n  which acetylene 
w a s  injected i n t o  a carbon-free plasma stream, experiments designed t o  simulate 
only the  "quenching-preserving" step.  In  t h e  quenching studies,  as i n  the  coal 
tests, the  decomposition of acetylene i n  a n  argon plasma w a s  again found t o  be 
much greater  than i n  hydrogen. Figure 5 gives the resu l t s  of acetylene decomposition 
experiments, which have been previously reportedlo, and shows t h a t  about 60% of the  
i n i t i a l  acetylene decomposes with a n  argon quench while with a hydrogen quench only 
about 10-12$ of the acetylene decomposes. 

A s  a r e s u l t  of t h e  la rge  differences i n  r e s u l t s  with hydrogen and argon, other 
quench gases, viz. ,  helium, nitrogen, and deuterium, were subsequently tes ted  i n  
a n  attempt t o  separate chemical e f f e c t s  from physical ones. For example, i f  gas 
d i f f u s i v i t y  and thermal conductivity are important parameters i n  preserving 
acetylene as an i n t a c t  species, acetylene decomposition i n  hydrogen, helium, and 
deuterium would be essent ia l ly  t h e  same because a l l  th ree  gases possess essent ia l ly  
i d e n t i c a l  mass and heat t ransport  propert ies .  
capacity of the  quench m e d i u m ,  i .e., i t s  energy absorption and dissociat ion 
capabi l i ty ,  were t h e  important consideration, hydrogen, deuterium, and nitrogen 
would produce i d e n t i c a l  quenching r e s u l t s  (ignoring f o r  now nitrogen's somewhat 
higher s t a b i l i t y  re la t ive  t o  hydrogen). Final ly ,  i f  chemical reactions between 
C$12 and H2 were i n  aperation during t h e  quenching s tep,  H2 and D2 r e s u l t s  would 
be ident ica l .  
w a s  carr ied out with t h e  euterium samples. The deuterium resu l t s ,  which have 
been reported previously", showed t h a t  subs tan t ia l  H-D exchange was occurring 
i n  t h e  acetylene molecule. 

quenching s tep ,  "heavy" acetylene,  C2l3H2, and "normal" acetylene, C2l2H2 were 
admixed and injected i n t o  the  plasma quenching simulator so that carbon-carbon 
t r i p l e  bond in te rac t ion  a t  high temperature could be studied. 

I f  on t h e  other hand, t h e  heat 

I n  addition t o  gas chromatography high resolution mass spectroscopy 

Final ly  as a means o f  determining reactions i n  operation during t h e  acetylene 

' I  
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RESULTS AND DISCUSSION 

A series of experiments t o  separate the  complex reactions of acetylene 
generation and acetylene preservation occurring during the a r c  pyrolysis of coal 
was csrr ied out as an in tegra l  pa r t  of the  coa l  pyrolysis s tudies  i n  the  ro ta t ing  
a r c  reactor. 
i n to  a high temperature plasma stream, free of ccs l  and char par t ic les .  A plasma 
generator attached t o  a 2" copper, water-cooled tube as shown i n  Figure 6 w a s  usea 
fo r  the  quenching s tudies .  Acetylene was injected i n t o  the  plasma stream about 
1/2" from the nozzle, and a gas sampling tube was located about 12" downstream of 
the plasma generator; again as i n  the  previous reactors ,  t he  gas sampling probe 
was purposely located far downstream of the plasma and in jec t ion  posi t ion i n  order 
t o  allow a l l  decomposition reactions t o  occur, eliminating the  probing ambiguities 
described ea r l i e r .  
approximating the  concentration obtained i n  the  ro ta t ing  a r c  reactor. 
plasma system was connected t o  a very la rge  capacity ro ta ry  vacuum pump so that 
tests a t  various t o t a l  reaction pressures could be carr ied out. 

In  order t o  study the  quenching react ion,  acetylene w a s  in jected 

The acetylene concentration i n  t h e  plasma was about fi, closely 
The e n t i r e  

Tests were made, then, t o  determine the e f fec t  of operating pressure on 
decomposition and t o  determine the e f f ec t s  of using d i f fe ren t  gas quenches on 
preserving acetylene. 
t es t ing  w a s  carr ied out w i t h  hydrogen, and it i s  seen t h a t  decomposition is a 
function of total pressure, but reaches only about 30$ a t  1 atm. Figure 7 a l so  
shows that decomposition of acetylene i n  both hydrogen and deuterium is  ident ica l  
a t  the two pressures studied, and, furthermore, shows t h a t  the decomposition i s  
low relative t o  the other gases used, helium, argon, and nitrogen. The data 
i n  Figure 7 bring out then t h & t  hydrogen (and chemically-similar deuterium) has 
some other e f f ec t  i n  preserving acetylene, e f f ec t s  not explainable by merely the 
physical propert ies  of thermal conductivity, d i f fus iv i ty ,  o r  heat  capacity. 

Both sets of r e su l t s  are given i n  Figure 7. Most extensive 

There w a s  no way t o  determine chromatographically i f  t he  acetylene molecules 
sampled i n  the  hydrogen quenched stream were the iden t i ca l  molecules injected in to  
the plasma, and hence mass-spectrometric analysis  of the deuterium gas samples 
w a s  carr ied i n  order t o  determine if t h e  canposition consisted of C$2 or  of sane 
deuterated species (and although it  would have been possible ,  no e f for t  was given 
t o  chromatographic separation of deuterated acetylenes). 
deuterium samples showed that H-D interact ion t o  form C@ and C& was occurring 
during the plasma quenching step. 
acetylene i n  the  product gas for the deuterium plasma-deuterium quench set of tests. 

The analyses of t he  

Table I gives the measured composition of 

TABLE I 

ISOTOPIC ACE!I!YLENE COMPOSITION 

Species 

c2H2 

c2m 

Compos it ion 
($ of Undecomposed C g 2 )  

1.1$ 

I 

, 
v 

i 
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A s  Table I shows, 9% of the C$T2 molecules have exchanged with D2 t o  form 
C2HD and C$2. 

A number of workers i n  very high temperature acetylene formation-deccmposition 
s tudies  have invoked rad ica l  recombinations t o  explain the fac t  t h a t  acetylene 
canpositions "greater than equilibrium" were achieved i n  t h e i r  studies.  
Reed12 postulated that high temperature equilibrium favors two carbon species,  
C$T2 and C$I, and that during t h e  quenching sequence two mechanisms contributed t o  
the  acetylene measured i n  t h e  product, viz. ,  

Plooster and 

I 
quench 

c2H2 C2H2 (present at  high temperature) - 
c2H + quencL c2H2 

(3) 

(4) 

1 
Their m o d e l  was based upon estimates of t h e  thermodynamic properties,  and t h e i r  

experimental r e s u l t s  agreed well  with the  model of a C$ radical .  

a l s o  invoked the C$ mechanism t o  explain t h e i r  r e s u l t s  of reacting hydrogen w i t h  
carbon i n  a consumable anode a r c  reactor.  

Other work rs 
after Plooster  and Reed, viz., Baddour and Iwasykl3 and B a d d m  and Blanchet 1t 

An equilibrium diagram f o r  the  carbon-hydrogen system is  given i n  Figure 8 and 
shows that C$2 and C$ are,  i n  f s t ,  t h e  most prevalent carbon species a t  high 
temperature*. 
i n  r e l a t i v e l y  high concentrations, the C$ radical ,  on t h e  other hand, has not 
yet been experimentally ver i f ied  t o  be present  i n  any quantity. 
which both rapidly cools C$12 and requires  a recombination of a non-interconvertible 
C$ rad ica l  with H does not explain t h e  presence of large amounts of C 9 2  i n  the 
product stream, i.e., if Cf maintains i ts  ident i ty  a t  high temperature, only C $ D  
(along with the  
however, t h e  data i n  Table I show that 8% of t h e  C$12 has exchanged t o  C$S, and 
a random recombination of radical and a t a n i c  species was found t o  correlate  the  
resu l t s .  

Although calculated from f r e e  energy considerations t o  be present 

A quenching mechanism 

\ 
preserved C$2) could be formed during t h e  quenching step; 

Conservation of energy considerations, however, preclude the  dissociat ion of 
a l l  t h e  species i n t o  atoms and/or rad ica ls .  
plasma reactor were carried out a t  input parer  leve ls  of about 1.5 kw; w i t h  a H2 
(or D2) f low of 4.95 SCFM used i n  t h e  t e s t s ,  t h e  average gas enthalpy was o n l y  
about 40 kcal/gmol, much, much less than t h e  100 kcal/gmol required t o  dissociate  
even hydrogen alone (not including the  dissociat ion of acetylene t o  C;: and H ) .  
s p i t e  of the impossibi l i ty  of dissociat ing a l l  the  molecules t o  C2, H, and D 
species ,  however, there  is  presented i n  Table I1 t h e  predicted statist ical  con- 
centrat ions of H- and D-exchanged acetylenic  molecules, based upon the  recombination 
of such species,  and it i s  seen that t h e  agreement i s  very good. 

For example, most of t h e  t e s t s  i n  the  

In  

TABLE I1 , 
ISOTOPIC COMPOSITION OF ACmYLENE 

Predicted Composition 

\ Species Measured Composition @wed Upon Combination of Cp, H, m 

c2m 15.1 13.2 

c2D2 83 - 5  86.0 I 

v 2  1.1 0.5 

*Figure 8 was calculated f o r  a C / H  r a t i o  of 114, i.e., f o r  methane, using JANAF data 9 . 
\ 
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As a f i n a l  study of the decomposition-recombination reactions of acetylene 
which could a i d  i n  the elucidation of the acetylene 
hydrogen, mixtures of carbon isotope acetylenes, Cg&2 and Cp13H2, were injected 
i n t o  a hydrogen plasma stream, and analysis of the gas product again w a s  determined 
by high-resolution mass spectroscopy. If the  carbon-carbon t r i p l e  bond maintained 
i t s  integri ty ,  only C12 and C13 acetylene should be present i n  the product stream; 
i f ,  on the other hand, the t r i p l e  bond were e n t e r i  i n t o  the  decomposition- 

product. 

reservation mechanism i n  

preservation reactions, an interact ion t o  form C13C % H2 w o u l d  be measured i n  the 

For the CZ-C13 experiments the plasma reactor  w a s  a l s o  operated a t  about 
0.5 a t m  with approximately a 50/50 mixture of the isotope acetylenes injected in%o 
%he plasma stream. Gas chromatographic and high resolution, mass spectroscopy 
analyzes were carr ied out on the  samples. 
about lo$ of the or ig ina l  acetylene disappeared t o  carbon black(and the decomposition 
r e s u l t  i s  shown as a so l id  dot i n  Figure 7). 
and f i n a l  product acetylene streams a r e  given i n  Figure 9. Figure 9 shows that 
some C12C13H2 was present i n  the s t a r t i n g  material  (because the heavy acetylene 
could be obtained only as 9 6  C13 acetylene). 
composition, obtained with the plasma generator operating a t  15 kw, a power leve l  
ident ica l  t o  t h a t  of the  deuterium tests, is a l so  compaxed t o  t h e  i n i t i a l  spectrogram 
i n  the figure,  and a large increase i n  the  C’C13H2 peak i s  evident. 

Gas chromatograph shared again t h a t  oaly 

Mass spectrograms of both the i n i t i a l  

A mass spectrogram of the f i n a l  

Acetylene compositions axe given i n  Table 111. 

TABLE I11 
ISOTOPIC COMPOSITION OF AC- 

Composition $ 
I n i t i a l  Mixture Fina l  Mixture 

Species (Parer Off) (Quenched) 

47.6 

11.9 

30.6 

48.5 

If 100% of CU and $3 reacted, the calculated C’C13H2 concentration would 
be 49.6% as shown i n  Table N ;  the  measured concentration of 48.5% indicates, 
therefore,  that a 97% exchange occurred based upon the s t a t i s t i c a l  model; again, 
however, energy considerations (with the plasma stream possessing only a maximum 
of 40 kcal/gm) preclude such a simple model. 

t 
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TABLE IV 

ISOTOPIC ACETYLENE COMPOSITION 

Species Measured ($) Calculated ($) 

C%% 30.6 29.2 

C12C13Hp 48.5 49.6 

~ 1 3 ~ ~ ~  20.9 21.2 

A mechanism based upon sequent ia l  col l is ions w i l l  be presented. 
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SYNTHESIS OF HYDROCARBONS BY THE HIGH INTENSITY ARC 

Charles Sheer and Samuel KormFn 

Columbia University, Chemical 
Engineering Research Laboratories 

New York, New York 10027 

This report summarizes some of the results of an investi- 

gation into the use of a novel type of arc applied to hydro- 

i carbon synthesis. 

hydrogen. Later substitutions for the hydrcgen were employed 

The. .principal reacting system was carbon and 

in a limited way. These included, in turn, a 50-50 volume per- 

1 cent mixture oE CO and H2, steam, and a solid petroleum residue 

essential.1~ ( C H 2 )  x. 

The type of arc is one which was developed in our labora- 
& 

tory and whose properties for applications of the type reported 

here we have studied intensively for several years. 

type of high intensity arc discharge characterized by a number 

of unique features, of which an important one is the fact that 

a relatively high rate of continuous through-put of feed material 

can be achieved. The feed is a fluid, is raised to high temper- 

atures, and itself comprises the plasma environment of the dis- 

charge, particularly the electric conduction column maintained 

between the electrodes. As result it will be appreciated that 

the composition of the plasma is derived from that of the feed; 

however, the atomic, molecular, or free radical species compris- 

ing the plasma may differ significantly from the molecular com- 

position of the feed. 

It is a 

. 

Distinctive features of the High Intensity Arc 

Conventional arcs, consisting of a gaseous electrically 
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conduc t ing  column j o i n i n g  t w o  e l e c t r o d e s ,  a p o s i t i v e  anode and 

a n e g a t i v e  ca thode ,  are used  as a s o u r c e  of h e a t ,  as f o r  ex- 

ample i n  e lec t r ic  s m e l t i n g  p r o c e s s e s .  The mechanism by which 

h e a t  i s  u s e f u l l y  t r a n s f e r r e d  t o  f e e d  materials o c c u r s  by r a d i a -  

t i o n  and conduct ion  from t h e  h o t  column. The column i s  t h e  

zone of primary energy  d i s s i p a t i o n  i n  which t h e  i n p u t  e l e c t r i c a l  

ene rgy  i s  conve r t ed  i n t o  r a d i a n t  ene rgy  and s e n s i b l e  h e a t ,  b o t h  

of which f low o u t  i p  all d i r e c t i o n s  through t h e  i n t e r v e n i n g  

l a y e r  o f  atmosphere.  The maximum t e m p e r a t u r e  which may t h e r e -  

by be achieved  and n a i n t a i n e d  i n  t h e  su r round ing  charge  i s  

l i m i t e d  by p r a c t i c a l  c o n s i d e r a t i o n s  t o  about  2500OC. 

I n  such a r c s  l i t t l e  i f  any of t h e  m a t e r i a l  t o  be t r e a t e d  

e n t e r s  t h e  energy  d i s s i p a t i n g  r e g i o n  w i t h i n  t h e  a r c  conduc t ion  

column i t s e l f .  The o p p o r t u n i t y  f o r  s u c c e s s f u l l y  accompl ish ing  

t h i s  became a v a i l a b l e  w i t h  t h e  d i s c o v e r y  i n  1 9 1 0  by Beck' of 

t h e  t y p e  of d i s c h a r g e  now known as t h e  "h igh  i n t e n s i t y  arc".  

The use  o f  t h i s  t y p e  o f  a rc  t o  t rea t  materials t o  t e m p e r a t u r e s  

h i g h e r  t h a n  250OOC i n  a con t inuous  and p r a c t i c a l  manner i s  one 

of t h e  c e n t r a l  themes o f  t h i s  pape r .  2-6 

In  t h e  h igh  i n t e n s i t y  arc ,  s i g n i f i c a n t  amounts of f e e d  

material can  p e n e t r a t e  and  p a s s  th rough  t h e  conduc t ion  column, 

and are t h e r e b y  h e a t e d  w i t h  h i g h  ene rgy  t r a n s f e r  e f f i c i e n c y  t o  

v e r y  h igh  t e m p e r a t u r e s ;  i .e . ,  up t o  10,000"K o r  more. I n  t h e  

e a r l y  forms of t h e  h i g h  i n t e n s i t y  arc t h i s  w a s  accomplished by 

i n c o r p o r a t i n g  t h e  f e e d  i n t o  t h e  anode and a l l o w i n g  t h e  anode 

t o  v a p o r i z e  c o n t i n u o u s l y  i n t o  t h e  arc. T h i s  i s  s u i t a b l e  however 

o n l y  f o r  t h e  t r e a t m e n t  o f  normal ly  s o l i d  f e e d  mater ia ls .  
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Recent ly  a means was developed i n  t h i s  Laboratory whereby 

t h e  i n j e c t i o n  o f  l a r g e  q u a n t i t i e s  of g a s e s  i n t o  t h e  a r c  column 

can be made t o  o p e r a t e  i n  a p r a c t i c a l  manner, even f o r  r e a c t i v e  

\ g a s e s .  I n  t h i s  m o d i f i c a t i o n ,  t h e  g a s  i s  i n j e c t e d  from t h e  

I ca thode  end r a t h e r  t h a n  through t h e  anode of t h e  d i s c h a r g e ,  by 

means of  a s p e c i a l l y  des igned  a n n u l a r  n o z z l e  sur rounding  t h e  

\ ca thode .  This  d e v i c e  h a s  been termed t h e  " f l u i d  convec t ion  

ca thode" .  

Basis of t h e  F l u i d  Convection Cathode 

R e f e r r i n g  t o  F i g u r e  1, t h e  a r c  column a t  t h e  ca thode  i s  
c 

. c h a r a c t e r i z e d  by a converging shape t o  a s m a l l  t i p  a t  t h e  ca- 

thode s u r f a c e .  This  convergence,  r e p r e s e n t i n g  an inhomogeneous 

e l e c t r i c  c u r r e n t  f l u x ,  t h e r e f o r e  d e f i n e s  a zone of inhomogenesity 

1 

i n  t h e  accompanying magnet ic  f i e l d .  T h i s  i n  t u r n  h a s  t h e  e f f e c t  

o f  producing a f l u i d  mechanical  t h r u s t  away from t h e  ca thode  i n  

t h e  d i r e c t i o n  of  t h e  anode,  t h u s  g i v i n g  r i s e  t o  a p r e s s u r e  g r a -  

d i e n t  away from t h e  ca thode  t i p .  To s t a b i l i z e  t h i s  g r a d i e n t ,  

ambient g a s  i s  a s p i r a t e d  i n t o  t h e  arc column i n  t h e  r e g i o n  of  

inhomogeneity.  This  r e g i o n  r e p r e s e n t s  t h e  o n l y  p o r t i o n  of t h e  

a r c  o t h e r  t h a n  t h e  anode c ra te r  through which a p p r e c i a b l e  quan- 

t i t i e s  of g a s  may be i n j e c t e d  w i t h o u t  d i s t u r b i n g  t h e  s t a b i l i t y  

and maintenance of  t h e  arc d i s c h a r g e .  

I 

The FCC w a s  developed d u r i n g  an i n v e s t i g a t i o n 7  of t h e  i n -  

f l u e n c e  of g a s  convec t ion  i n t o  t h e  b a s e  of t h e  arc column n e a r  

t h e  ca thode  o f  a h i g h  i n t e n s i t y  a r c .  The t e c h n i q u e  c o n s i s t s  

e s s e n t i a l l y  i n  sur rounding  t h e  c o n i c a l  t i p  of t h e  ca thode  w i t h  

an a n n u l a r  n o z z l e  which t e r m i n a t e s  ups t ream of t h e  t i p  and 

which d i rec ts  t h e  g a s  i n  a converg ing  h i g h  speed l a y e r  i n t o  t h e  
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? , 

column of t h e  a r c  v e r y ' c l o s e  t o  t h e  p o i n t  where i t  o r i g i n a t e s  

on t h e  ca thode .  I t  w a s  found t h a t  i f  t h i s  were done i n  a man- 

n e r  which causes  t h e  g a s  t o  impinge on t h e  arc column i n  t h e  

r eg ion  j u s t  i n  f r o n t  of  t h e  ca thode  where t h e  column is  con- 

verg ing  from t h e  b roade r  d i s c h a r g e  column, , then t h e  gas  w i l l  

p r e f e r e n t i a l l y  e n t e r  t h e  column and can  be i n j e c t e d  a t  1 0  t o  

2 0  t i m e s  t h e  a s p i r a t i o n  r a t e ,  whereas ,  i f  a n  a t t e m p t  were made 

i n  t h e  c lass ica l  manner, t o  f o r c e  t h e  g a s  i n t o  t h e  a r c  column 

p rope r  i n  o r d e r  t o  e n e r g i z e  t h e  g a s ,  such  impingement i s  f r u i t -  

less and t e n d s  t o  u n s t a b i l i z e  and b low'out  t h e  arc. 
\r 

Again, w i t h  conven t iona l  c o n f i n e d  a rcs ,  where s t a b i l i t y  

i s  sought  by e n c l o s i n g  t h e  a r c  d i s c h a r g e  w i t h i n  a water -cooled  

chamber, and f o r c i n g  t h e  g a s  i n t o  t h e  chamber w i t h  t h e  i n t e n t i o n  

of  impar t ing  a r c  energy  t o  i t ,  b o t h  t h e o r e t i c a l  and expe r imen ta l  

r e s u l t s  have proven t h a t  over 7 0 %  of  t h e  i n j e c t e d  g a s  neve r  

e n t e r s  t h e  column9, and does  n o t  o b t a i n  any s i g n i f i c a n t  amount 

of a c t i v a t i o n  energy  from t h e  arc.  

Experimental  Method 

F igure  2 i s  a diagram of  t h e  D.C .  h i g h  i n t e n s i t y  a rc  ap- 

p a r a t u s ,  showing an FCC ca thode  through which t h e  hydrogen g a s  

i s  i n j e c t e d  i n t o  t h e  conduc t ion  column and a 1" d iame te r  c y l i n -  

d r i c a l  carbon anode. The anode has  a 1/4" d iame te r  h o l e  a long  

i t s  longi tudina l  a x i s .  The anode i s  connec ted  a t  i t s  back end 

by 3/16" I . D .  m e t a l  t u b i n g  t o  a 1-1/6" diameter Type 304 s t a i n -  

less s t e e l  tube  sur rounded by a n  e l e c t r i c a l l y  h e a t e d  l a b o r a t o r y  

t u b e  fu rnace .  Leaving t h e  f u r n a c e  i s  a water -cooled  h e a t  ex- 

changer  fo l lowing  a t ee -connec t ion  v a l v e d  t o  p e r m i t  t h e  g a s  

s t r eam t o  go i n  e i t h e r  of  t w o  d i r e c t i o n s :  (1) t o  a f lowmeter  
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and l a b o r a t o r y  pump, o r  ( 2 )  t o  a mani fo ld  of a l a r g e - d i a l l e d  

mechanical  vacuum gauge and severa l  valved 500 cc g a s  sampling 

b o t t l e s .  These are e v a c u a t e d  p r i o r  t o  use .  The carbon anode 

can t h u s  se rve  a s  a combinat ion source of s o l i d  carbon,  and of  

carbon vapor  i s s u i n g  from t h e  a n o d i c  a r c  te rminus  i n t o  t h e  plasma 

column, as w e l l  as an a rc  crater g a s  sampling probe .  

Depending upon t h e  pumping f low rate  or  t imed p r e s s u r e  rise 

i n  t h e  sampling branch ,  it is t h u s  p o s s i b l e  t o  draw an  a rc  f lame 

e f f l u e n t  g a s  stream from t h e  r e a c t i o n  zone through t h e  t u b e  

f u r n a c e  t o  v a r y  t h e  r e s i d e n c e  t i m e  a t  any t e m p e r a t u r e  up t o  

about  1 0 0 0 ° C ,  and t h e n c e  through t h e  h e a t  exchanger  and i n t o  

t h e  sample b o t t l e s  i n  sequence.  

I n  o p e r a t i o n  w i t h  d i a m e t r i c a l l y  opposed e l e c t r o d e s  t h e  FCC 

arc column b e a r s  d i r e c t l y  on t h e  carbon anode,  which i s  complete-  

l y  covered by t h e  arc c r a t e r  a t  a c u r r e n t  of  150 amperes o r  m o r e .  

The pump v a l v e  i s  opened s u f f i c i e n t l y  t o  meter t h e  plasma down 

through t h e  anode h o l e ,  t o  purge and e q u i l i b r a t e  t h e  e f f l u e n t  

h o t  zone i n  t h e  t u b e  f u r n a c e ,  and t h e n  t o  meter samples  i n t o  

t h e  g a s  sampling b o t t l e s  i n  sequence a t  t i m e d  ra tes ,  measuring 

t h e  r i s e  p e r i o d  of  t h e  vacuum gauge p r e s s u r e .  

A n a l y s i s  of t h e  samples w a s  c a r r i e d  o u t  by g a s  chromatog- 

raphy,  u s i n g  hel ium carrier g a s  and an a i r -hydrogen  f lame i n  a 

model 609  F and M S c i e n t i f i c  C o r p o r a t i o n  f lame i o n i z a t i o n  chro-  

matograph w i t h  a Poropak Q column. A t e s t  g a s  m i x t u r e  c o n t a i n -  

i n g  t h e  a l i p h a t i c  compounds CH4,  C Z H Z ,  C2H4,  C 2 H 6 ,  C 3 H 6 ,  and 

C4H8 w a s  used t o  c a l i b r a t e  t h e  a n a l y t i c a l  p rocedure .  

R e s u l t s  

S ince  t h e  e a r l y  o b j e c t i v e s  o f  t h e  program w e r e  p r i m a r i l y  

77 



. e x p l o r a t o r y ,  t h e  r e s u l t s  r e p o r t e d  h e r e  are e s s e n t i a l l y  q u a l i t a -  

t i v e ,  a l though  w i t h i n  a g iven  test  series weight  can be g iven  t o  

c o n c e n t r a t i o n  r a t i o s  of components of a t es t  sample m i x t u r e  f o r  

purpose  o f  comparison. 

Series I. Hydrogen Flow Rate  Through t h e  FCC 

Th i s  w a s  e f f e c t e d  by o p e r a t i n g  t h e  a r c  a t  s t a n d a r d  condi -  

t i o n s  o f  1 5 0  amperes, m a i n t a i n i n g  t h e  e f f l u e n t  h o t  zone a t  8OO0C, 

sampl ing  a t  about  30  - 60 seconds  p e r  sample,  and v a r y i n g  t h e  

hydrogen f low r a t e  i n t o  t h e  FCC. Comparison of hydrocarbon com- 

p o s i t i o n  i s  shown i n  Tab le  1, i n  terms of t h e  r e l a t i v e  d i s t r i b u -  

t i o n  of t h e  volume c o n c e n t r a t i o n  of t h e  p r o d u c t s  found. The d i s -  

t r i b u t i o n  w a s  o b t a i n e d  by c a l c u l a t i n g  t h e  p e r c e n t a g e  c o n t r i b u t i o n  

which each  chromatograph ampl i tude  r e c o r d i n g  made t o  t h e  sum o f  

a l l ,  i n  a r b i t r a r y  scale d i v i s i o n s .  There a p p e a r s  t o  b e  a s i g n i f -  

i c a n t  dependence of e f f l u e n t  hydrocarbon composi t ion  upon t h e  

amount of hydrogen f e d  i n t o  t h e  FCC. 

S e r i e s  11. T i m e  F a c t o r  

I n  t h i s  series,  s t a n d a r d  c o n d i t i o n s  o f  1 5 0  amperes and 8.5 

mols p e r  minute  of hydrogen were used ,  w i t h  v a r y i n g  sampl ing  

rates th rough  t h e  8OOOC e f f l u e n t  h o t  zone. 

i n  Tab le  2 .  N o  o t h e r  hydrocarbons  were observed .  These d a t a  

s u g g e s t  t h a t  methane and a c e t y l e n e  a r e  produced and d i s a p p e a r  a t  

d i f f e r e n t  ra tes .  

R e s u l t s  are t a b u l a t e d  

Series 111. Hot Zone Temperature 

I n  t h i s  series, s t a n d a r d  c o n d i t i o n s  i n c l u d e d  1 5 0  amperes,  

8 . 5  mols H2 p e r  minute  th rough  t h e  FCC, sampling rate through 

t h e  e f f l u e n t  h o t  zone a t  2 1 / 2  m i n u t e s ,  G i t h  v a r i a t i o n  of t h e  

h o t  zone t empera tu re .  R e s u l t s  are shown i n  Tab le  3 .  It i s  

I 
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e v i d e n t  t h a t  t h e  h o t  zone t empera tu re  h a s  a s i g n i f i c a n t  e f f e c t  

on t h e  hydrocarbon composi t ion  o f  t h e  e f f l u e n t .  

S e r i e s  I V .  Hot Zone S u r f a c e  A r e a  

N o t i n g  t h e  r e s u l t  o f  i n c r e a s e d  t i m e  of f low i n  t h e  sampling 

r a t e  shown above i n  S e r i e s  11, and assuming t h a t  8.5 mols H 2  p e r  

minute through t h e  FCC c r e a t e s  a s t e a d y  s t a t e  f o r  carbon t hydro- 

gen i n  t h e  plasma a t  t h e  a r c  c r a t e r ,  t h e  sampling s o u r c e ,  t h e n  

t h e  t i m e  of exposure  t o  t h e  h o t  zone w a l l  o f  Type 304 s t a i n l e s s  

s t e e l  w a s  observed .  T h i s  w a s  accomplished a t  150 amperes,  8.5 

mols H2 p e r  minute ,  and 8 O O O C  h o t  zone t e m p e r a t u r e ,  i n  two d i -  

ameters of h o t  zone t u b e s ,  1-1/6" and 9 / 1 6 " ,  -- a c r o s s - s e c t i o n a l  

a r e a  r a t i o  of 4 : l .  To e q u a t e  t h e  sample r e s i d e n c e  t i m e s ,  t h e  

sample f low p e r i o d s  w e r e  a d j u s t e d  t o  t h i s  r a t i o .  R e s u l t s  are 

shown i n  Table  4 .  N o  a c e t y l e n e  was found i n  t h e  9 /16"  d i ame te r  

samples ,  w h i l e  t h e  s m a l l  amounts i n  t.he 1 - 1 / 6 "  samples were con- 

s i s t e n t  w i t h  t h e  d i s t r i b u t i o n  f o r  2 0  and 30 seconds  checked wi th  

s i m i l a r  t i m e s  observed  i n  t h e  e a r l i e r  S e r i e s  I1 above. 

S e r i e s  V. F u r t h e r  E f f e c t  o f  H o t  Zone A r e a  

The r e s u l t  of Series I V  was fo l lowed by f u r t h e r  o b s e r v a t i o n s  

comparing hydrocarbon y i e l d s  and r a t i o s  i n  two c a s e s  and a t  two 

t e m p e r a t u r e s ,  as  f o l l o w s :  

A. 1-1/16" d i a m e t e r  a t  800° and a t  5OOOC 

B. 1-1 /16"  d i a m e t e r ,  i n t o  which t u b e  a s e c t i o n  of s t a i n l e s s  

s tee l  wool w a s  added ,  a l s o  a t  800' and 500OC. 

These c o n d i t i o n s  were compared, s i n c e  any e f f e c t  due t o  exposure  

t o  l a r g e  s u r f a c e  of s t a i n l e s s  s t e e l  would n o t  r e q u i r e  comparably 

r a p i d  sampl ing  flow. I n  o t h e r  words,  t h e  e f f e c t  of i n c r e a s e d  
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s u r f a c e  area a l o n e  c o u l d  be observed .  

t i o n  a t  each  t empera tu re  w i t h  and w i t h o u t  added s t a i n l e s s  s teel  

wool i s  shown i n  Table  5.  Table  5 i n d i c a t e s  t h a t  t h e  prepon- 

de rance  of methane and absence  o f  a c e t y l e n e  i s  n o t  a f f e c t e d  a t  

800°C. To i n t e r p r e t  t h e  a p p a r e n t  s h i f t ,  how'ever, a t  5 O O 0 C ,  it 

i s  n e c e s s a r y  t o  compare the r e l a t i v e  c o n c e n t r a t i o n s  of a l l  

samples.  T h i s  i s  shown, i n  t e r m s  of t h e i r  r a t io s ,  i n  Table  6 .  

It w i l l  be  no ted  t h a t  t h e  e f f e c t  o f  s t a i n l e s s  s t e e l  h o t  zone i s  

The hydrocarbon d i s t r i b u -  

r e l a t i v e l y  c o n s t a n t  and a p p r e c i a b l e  f o r  t h e  t i m e s  and t empera tu res  

o f  exposure .  A t  800°.C, no a c e t y l e n e  i s  p r e s e n t ,  a s  expec ted ,  f o r  

reasons of t e m p e r a t u r e ,  a s  shown i n  Table  3 above,  w h i l e  a t  5OO0c, 

t h e  t i m e - r e l a t e d  s u p p r e s s i o n  of a c e t y l e n e  p r e v i o u s l y  observed  i n  

Table  2 above i s  a l s o  s e e n  t o  be more s t r o n g l y  enhanced by t h e  

i n c r e a s e d  s t a i n l e s s  s tee l  s u r f a c e  area. W e  i n t e r p r e t  t h i s  t o  

mean t h a t  a c e t y l e n e  d i s a p p e a r s  much m o r e  r a p i d l y  t h a n  methane 

under  t h e s e  c o n d i t i o n s ,  and  t h a t  t h e  d i sappea rance  is r e l a t e d  t o  

t h e  s u r f a c e  area of t h e  s t a i n l e s s  s teel  h o t  zone. 

S e r i e s  V I .  E f f e c t  o f  Hot Zone S u r f a c e  Composition 

Not ing  t h a t  t h e  t i m e - r e l a t e d  s u p p r e s s i o n  of methane and 

a c e t y l e n e  appeared  t o  s u g g e s t  a h o t  zone s u r f a c e  e f f e c t  when 

s t a i n l e s s  s tee l  was used ,  t h i s  mater ia l  w a s  r e p l a c e d  by s e v e r a l  

o t h e r s ,  u s i n g  t u b e s  o f  1 -1 /16"  d i a m e t e r .  A r c  c r a t e r  g a s  samples 

t a k e n  under o t h e r w i s e  i d e n t i c a l  c o n d i t i o n s  ( v i z . ,  150 amperes,  

8.5 mols H2 p e r  minu te ,  h o t  zone t empera tu re  8OO0C, p a r a l l e l  

sampling f low r a t e s )  produced  hydrocarbon compos i t ions  as 

shown i n  F i g u r e s  3 t h r o u g h  6 .  

I n  t h e  case of f u s e d  s i l i c a ,  it i s  s e e n  i n  F igu re  3 k h a t  
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the  t i m e  of exposure  i n  t h e  8OOOC h o t  zone h a s  roughly  p a r a l l e l  

e f f e c t s  upon t h e  p re sence  and d i sappea rance  of  b o t h  methane and 

a c e t y l e n e .  

Th i s  i s  i n  c o n t r a s t  w i th  i r o n  ( F i g u r e  4 )  and Type 304 

s t a i n l e s s  s t ee l  (F igu re  5 ) ,  where a c e t y l e n e  d i s a p p e a r s  r a p i d l y  

wh i l e  methane p e r s i s t s .  

I n c r e a s i n g  t h e  n i c k e l ' c o n t e n t  by t h e  u s e  o f  Incoloy  8 0 0  

(32% N i ,  4 6 9  Fe)  and Nickel-200 ( 9 9 . 5 %  N i )  a p p e a r s  t o  produce 

f u r t h e r  s u p p r e s s i o n  of  b o t h  a c e t y l e n e  and methane,  -- an e f f e c t  

which does n o t  appea r  t o  be e s p e c i a l l y  t i m e - s e n s i t i v e .  

Some R e s u l t s  w i t h  Other  FCC Gas Feeds 

P r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  i n  which s u b s t i t u t i o n  

was made fo rhydrogen  a s  t h e  FCC-injected g a s .  The f i r s t  sub-  

s t i t u t e  was a - H 2  - CO 50-50 volume p e r c e n t  mix tu re .  

s t a n d a r d  t es t  c o n d i t i o n s  w e r e  employed, e x c e p t  t h a t  t h e  g a s  

volume f low r a t e  w a s  s e t  t o  a v a l u e  which i n c l u d e d  a r e l a t i v e l y  

s m a l l  amount of hydrogen (0.6 mol p e r  m i n u t e ) .  The r e s u l t s  

shown i n  Table  7 compares t h e  ( i n t e r p o l a t e d )  ana log  d i s t r i b u -  

t i o n  r e s u l t i n g  from t h e  same amount of p u r e  hydrogen a l o n e  w i t h  

t h e  d i s t r i b u t i o n  u s i n g  t h e  mix tu re  w i t h  CO. The a b s o l u t e  amount 

of a c e t y l e n e  i n  t h e  CO - H2 mix tu re  tes ts  a l s o  i n c r e a s e d  w i t h  

t i m e  whereas  t h e  a c e t y l e n e  i n  t h e  low rate  p u r e  hydrogen ana log  

d imin i shes  r a p i d l y  and no hydrocarbon w a s  found a f t e r  1 0  seconds .  

The u s u a l  

The n e x t  FCC g a s  used  was s team,  w i t h  co r re spond ing  r e s u l t s  

shown i n  Tab le  8 .  I n  comparing a b s o l u t e  c o n c e n t r a t i o n s  by meas- 

u r i n g  chromatograph d e f l e c t i o n  a m p l i t u d e s ,  t h e  t o t a l  p r o d u c t  

y i e l d  of hydrocarbon w a s  found t o  have i n c r e a s e d  w i t h  i n c r e a s i n g  

9 1  
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f low rate  of steam. 

i n t e r v a l s  w i t h  steam produced a p p r e c i a b l e  methane under condi -  

t i o n s  which would have y i e l d e d  o n l y  a s m a l l  amount of a c e t y l e n e  

or no hydrocarbons ,  i f  t h e  same amount of c o n t a i n e d  hydrogen 

w e r e  f e d  as pu re  H2 i n  e q u i v a l e n t  r a t e s  t o  t h e  FCC arc. 

As w i t h  t h e  water gas tests, s h o r t  t i m e  

S o l i d  Carbonaceous Feed 

F i n a l l y ,  p r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  i n  which a 

powdered s o l i d  w a s  e n t r a i n e d  i n  a rgon  and i n j e c t e d  i n t o  t h e  FCC 

arc. The s o l i d  w a s  a p e t r o l e u m  r e f i n e r y  “bot tom” having  a s o f t -  

e n i n g  p o i n t  o f  327OF and a n  approximate  compos i t ion  o f  (CH21x.  

The a rgon  w a s  chosen as a n e u t r a l  c a r r i e r  t o  avo id  ambigui ty  

conce rn ing  t h e  s o u r c e  o f  hydrogen i n  t h e  p r o d u c t .  For  s i m p l i -  

c i t y ,  no e f f l u e n t  h o t  zone w a s  u s e d ,  and so t h e  sample g a s  w a s  

c o n s i d e r e d  as b e i n g  quenched t o  room tempera tu re .  

i n  e v e r y  i n s t a n c e  t h e  hydrocarbon p roduc t  w a s  p r e p o n d e r a n t l y  

a c e t y l e n e ,  a l t h o u g h  t h e r e  were t r a c e s  of methane also. 

As e x p e c t e d ,  

D i s c u s s i o n  

Based upon t h e  r e s u l t s  o f  $he tests d e s c r i b e d  above, it i s  
J 

s u g g e s t e d  t h a t  two d i s t i n c t  se t s  o f  p r o c e s s e s  a r e  o p e r a t i v e .  

One i n v o l v e s  t h e  phenomena w i t h i n  t h e  a r c  and t h e  o t h e r  re la tes  

t o  t h e  c o n d i t i o n s  t o  which a r c - g e n e r a t e d  g a s e s  are exposed i n  

t h e  e f f l u e n t  s t r eam.  

E x p l o r a t o r y  as  t h i s  i n v e s t i g a t i o n  i s  t o  t h i s  p o i n t ,  it a f -  

f o r d s  no  ev idence  which d i s c l o s e s  t h e  undoubtedly  complex mech- 

anisms u n d e r l y i n g  t h e  o b s e r v e d  e f f e c t s .  However it seems reas- 

o n a b l e  t o  assume t h a t  a t i m e - r e l a t e d  c a t a l y t i c  e f f e c t  e x i s t s  

which i s  r e l a t e d  t o  t h e  compos i t ion  and t e m p e r a t u r e  of t h e  h o t  

‘ I  
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. 
zone s u r f a c e  t o  which t h e  a r c  sample e f f l u e n t  w a s  exposed.  The 

r a p i d  t r a n s i t i o n  i n  hydrocarbon composi t ion from a c e t y l e n e  t o  

methane i n  t h e  presence  of  i r o n  o r  s t a i n l e s s  s tee l  i s  one i n d i -  

c a t i o n .  Thermal e f f e c t s  and i n c r e a s e d  r e s i d e n c e  t i m e  i n  t h e  

presence  o f  hydrogen were shown t o  l e a d  t o  p r o g r e s s i v e  diminu- 

t i o n  and d i s a p p e a r a n c e  o f  hydrocarbons,  s u g g e s t i n g  a n o t h e r  slower 

p r o c e s s  which may be p y r o l y t i c  or p o s s i b l y  i n h i b i t o r y .  

I t  i s  s u b m i t t e d ,  a l s o ,  t h a t  e f f e c t s  which o c c u r  w i t h i n  t h e  

h o t  zone a r e  n o t  n e c e s s a r i l y  independent  of t h e  arc r e a c t i o n s .  

The composi t ion of t k e  e f f l u e n t  which l e a v e s  t h e  a r c  crater and 

e n t e r s  t h e  h o t  zone h a s  an i m p o r t a n t  e f f e c t  upon t h e  u l t i m a t e  

product  composi t ion.  For  example,  t h e  c o n t r a s t ,  under  o t h e r -  

w i s e  ident . ica1  t e s t  c o n d i t i o n s ,  which i s  e v i d e n t  as s u b s t i t u t i o n  

was made f o r  p u r e  hydrogen a s  t h e  FCC g a s  f e e d  produced a note-  

worthy change. With a m i x t u r e  of  CO and H 2 ,  o r  H combined w i t h  

0 as s team, hydrocarbons w e r e  produced w i t h  a p p r e c i a b l e  o r  major 

f r a c t i o n s  of methane, where p u r e  hydrogen y i e l d e d  o n l y  s m a l l  

amounts of a c e t y l e n e  o r  no hydrocarbons a t  a l l .  One may i n f e r  

t h a t  t h e  p r e s e n c e  of CO o r  0 w i t h i n  t h e  plasma p o s s i b l y  a l t e r s  

t h e  c o u r s e  of t h e  r e a c t i o n ,  and hence t h e  e f f l u e n t  composi t ion.  

From o u r  b a s i c  s t u d i e s  of  FCC g a s  i n j e c t i o n 8  i n t o  t h e  a r c  

conduct ion  column, t o g e t h e r  w i t h  c o n c u r r e n t  tempera ture  m e a s -  

urements,  i t  i s  f a i r l y  c e r t a i n  t h a t  upwards of 8 0 %  of  t h e  i n -  

j e c t e d  g a s  p e n e t r a t e s  t h e  column and u n i f o r m l y  r e a c h e s  tempera- 

t u r e s  i n  t h e  range  of 10,OOOo - 20,000°K. Our c u r r e n t  i n v e s t i -  

g a t i o n s  of t h i s  a r c ,  u s i n g  hydrogen as FCC gas  f e e d  and a carbon 

anode, i n d i c a t e s  c l e a r l y  t h a t  t h e  hydrogen i n  t h e  a r c  conduct ion  
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column approaching  t h e  anode i s  monatomic. W e  are p r e s e n t l y  

s t u d y i n g  t h e  plasma compos i t ion  i n  f r o n t  o f  t h e  anode crater ,  
4 

where t h i s  monatomic hydrogen i s  mixing wi th  o r  impinging upon 

carbon a t  i t s  s u b l i m a t i o n  t e m p e r a t u r e .  The o b j e c t i v e  of i d e n t i -  

f y i n g  t h e  plasma s p e c i e s  i n  t h i s  zone,  w i t h  hydrogen and u l t ima-  

t e l y  w i t h  Ha + CO o r  w i t h  steam, o f f e r s  t h e  p o s s i b i l i t y  of d e t e r -  

mining how t h e  u l t i m a t e  quenched e f f l u e n t  compos i t ion ,  as w e l l  

as t h e  f u n c t i o n  o f  t h e  secondary  s p e c i e s ,  such  as CO o r  0, i n  

a l t e r i n g  t h e  p r o c e s s ,  may b e  p r e d i c t e d .  

A d d i t i o n a l l y  t h e  exposure  of a carbonaceous  s o l i d  i n t o  t h i s  

plasma, producing  a c e t y l e n e  i n  accordance  w i t h  e x p e c t a t i o n ,  i n -  

d i c a t e s  i n  a p r e l i m i n a r y  way t h e  p r o b a b i l i t y  of employing t h e s e  

arcs e f f e c t i v e l y  f o r  g a s i f i c a t i o n  i n v o l v i n g  c o a l  or  o t h e r  carbon- 

aceous  f e e d s .  

Summary 

A novel  t ype  of a r c  d i s c h a r g e ,  t h e  FCC h i g h  i n t e n s i t y  arc ,  

employing a carbon anode and a ca thode  des igned  t o  a f f o r d  ef-  

f e c t i v e  enhanced i n t r o d u c t i o n  o f  hydrogen-bearing gas f e e d s  i n t o  

t h e  a r c  conduc t ion  column, w a s  employed t o  s t u d y  t h e  s y n t h e s i s  

o f  hydrocarbons .  I n  t h e  t empera tu re  range  o f  t h i s  arc ,  -- t h a t  

i s ,  1 0 , O O O o  - 20,000°K -- i n  t h e  ca thode  conduc t ion  column, t h e  

hydrogen is  monatomic and impinges  on t h e  carbon anode a t  i ts  

s u b l i m a t i o n  temperataure ( abou t  4000OK) i n  t h e  arc crater.  

qr 

G a s  samples,  drawn f rom t h i s  reg-ion d u r i n g  s t a n d a r d  arc 

o p e r a t i o n ,  were found by g a s  chromatography t o  c o n t a i n  hydro- 

ca rbons .  The composi t ion  o f  t h e s e  depended upon t h e  f low rate  

o f  hydrogen f e d  i n t o  t h e  a r c  column, t h e  t empera tu re  and resi- 

i l  
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dence t i m e  of t h e  arc e f f l u e n t  i n  a downstream h o t  zone, and 

I 

I 

\ 

t h e  w a l l  composi t ion of t h e  h o t  zone. Hydrogen, though always 

i n  e x c e s s  of s t o i c h i o m e t r y ,  caused  a t r a n s i t i o n  i n  t h e  hydro- 

carbon p r o d u c t  ranging  from 1 0 0 %  a c e t y l e n e ,  a t  low f low ra te  

( 3 . 4  m o l s  H /min) t o  m i x t u r e s  of methane a'nd a c e t y l e n e  w i t h  

o c c a s i o n a l  p r e s e n c e  of p r o p y l e n e ,  becoming predominant ly  meth- 

ane a t  h i g h  f low rates  ( 1 4 . 1  mols H2/min) f o r  i n t e r m e d i a t e  

r e s i d e n c e  t imes (about  30 seconds)  a t  8 O O O C  i n  a Type 304 

s t a i n l e s s  s t e e l  h o t  zone. S h o r t e r  r e s i d e n c e  t i m e s  (about  1 0  

2 

seconds)  w i t h  adequate  hydrogen (8.5 mols/min) a t  80OOC i n  

s t a i n l e s s  s t e e l  h o t  zone produced hydrocarbon m i x t u r e s  which 

were predominant ly  a c e t y l e n e .  The e f f e c t  of r e s i d e n c e  t i m e  

t h u s  a l s o  showed a t r a n s i t i o n  i n  hydrocarbon composi t ion from 

1 0 0 %  a c e t y l e n e  a t  1 0  seconds t o  1 0 0 %  methane i n  from 30 seconds 

t o  2-1/2 minutes .  

Under t h e  same t e s t  c o n d i t i o n s ,  a s i m i l a r  t r a n s i t i o n  w a s  

observed when t h e  h o t  zone w a l l  w a s  i r o n  i n s t e a d  of Type 304 

s t a i n l e s s  s t e e l .  When t h e  w a l l  w a s  Incoloy  800  (32% N i l  4 6 %  

Fe) and Nickel-200 ( 9 9 . 5 %  N i )  bo th  hydrocarbons were s u b s t a n -  

t i a l l y  suppressed  r e g a r d l e s s  of  r e s i d e n c e  t i m e .  With a f u s e d  

s i l i c a  w a l l ,  m i x t u r e s  of  a c e t y l e n e  and methane appeared i n  a l l  

t ime i n t e r v a l s .  

I n  t h e  t r a n s i t i o n a l  cases , a c e t y l e n e  diminished from t h e  

product  t i m e  samples ,  d ropping  r a p i d l y  from 1 0  seconds and 

d i s a p p e a r i n g  i n  2-1 /2  minutes ,  whi le  methane r o s e  t o  a maximum 

i n  30 seconds and s l o w l y  d iminished .  N o  hydrocarbons w e r e  

found a f t e r  4 m i n u t e s .  With s i l i c a ,  both  a c e t y l e n e  and methane 
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rose and d iminished  i n  p a r a l l e l  manner t o  c o n s t a n t  l o w  l eve l s  

a f t e r  2-1/2 minutes ,  p e r s i s t i n g  a f t e r  6 minutes .  

The e f f e c t  bf t e m p e r a t u r e  i n  t h e  h o t  zone w a s  s t u d i e d  w i t h  

t h e  s t a i n l e s s  s t e e l  w a l l  a t  a r e s i d e n c e  t i m e  of 2-1/2 minutes .  

A t  8OO0C, t h e  o n l y  hydrocarbon produced w a s  methane. A t  25OC 

t h e  p r o d u c t  conta ined  a c e t y l e n e  w i t h  a trace o f  methane. I n t e r -  

media te  t e m p e r a t u r e s  produced m i x t u r e s  of  t h e  t w o  i n  t r a n s i -  

t i o n a l  p r o p o r t i o n s .  

2 

f o r  p u r e  H2 f o r  FCC-inject ion produced hydrocarbons which w e r e  

m i x t u r e s  o f  methane and a c e t y l e n e  (wi th  a s m a l l  amount of propy- 

l e n e  i n  one  10-second s a m p l e ) ,  whereas t h e  same f r a c t i o n a l  

volume f low rate  of c o n t a i n e d  hydrogen,  if f e d  as pure  hydrogen 

a l o n e ,  woul-d have produced o n l y  a s m a l l  amount of a c e t y l e n e  o r  

no hydrocarbons a t  a l l .  

S u b s t i t u t i o n  of 50-50 volume p e r c e n t  mixture  of CO and H 

When steam w a s  s u b s t i t u t e d  €or hydrogen i n t o  t h e  FCC a r c  

t h e  p r i n c i p a l  hydrocarbon component w a s  methane, i n c r e a s i n g  i n  

p r o p o r t i o n  t o  a c e t y l e n e  w i t h  i n c r e a s i n g  steam f low,  whereas ,  

a g a i n ,  t h e  e q u i v a l e n t  H ,  i f  f e d  a’s p u r e  hydrogen, would have 

shown a small  amount of a c e t y l e n e  or  no hydrocarbons.  

A sol id  p u l v e r i z e d  pe t ro leum r e s i d u e  cor responding  t o  

(CH2lx, f e d  e n t r a i n e d  i n  a rgon  i n t o  t h e  FCC, produced a c e t y l e n e  

p r e d i c t a b l y  under  c o n d i t i o n s  cor responding  t o  t h e  analogous H2 

feed . 
Two p r o c e s s e s  are b e l i e v e d  t o  p a r t i c i p a t e  i n  d e t e r m i n i n g  

t h e  hydrocarbon composi t ion  of t h e  e f f l u e n t  product .  One pro-  

cess i s  thought  o f  as i n t e r a c t i o n  of t h e  f e e d  materials w i t h i n  
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t h e  arc coluTn a t  t h e  anode c ra te r ,  t r a n s f o r m e d  i n t o  h i g h  t e m -  

p e r a t u r e  plasma spec ies ' .  The r e s u l t a n t  composi t ion  is  believed 

t o  i n f l u e n c e  t h e  course o f  t h e  second p r o c e s s  which i s  a t i m e -  
t] - 

and t e m p e r a t u r e - r e l a t e d  c a t a l y s i s  o c c u r r i n g  i n  a downstream h o t  

zone,  l e a d i n g  t o  t h e  f i n a l  e f f l u e n t  c o m p o s l t i o n .  Upon f u r t h e r  

exposure  t o  t h e  h o t  zone ,  t h e  o v e r - a l l  q u a n t i t y  of hydrocarbons  

i n  t h e  e f f l u e n t  d i m i n i s h e s .  T h i s  i s  b e l i e v e d  t o  be r e l a t e d  

p r i n c i p a l l y  t o  t h e  t e m p e r a t u r e  o f  t h e  h o t  zone, a s  ev idenced  

by t h e  c o l l a t e r a l  d i m i n u t i o n  of  a c e t y l e n e  and methane a t  8OOOC 

i n  a f u s e d  s i l i c a  h o t  zone. D i f f e r e n t i a l  t r a n s i t i o n  from ace- 

b 

% 

I 

I t y l e n e  t o  methane o c c u r r e d  i n  t h e  c a s e s  o f  i r o n  and Type 3 0 4  

s t a i n l e s s  s t e e l ,  and a t ime- independent  c o n s t a n t  s u p p r e s s i o n  

o f  b o t h  methane and a c e t y l e n e  w a s  o b t a i n e d  when t h e  h o t  zone 

w a l l  a t  8 O O O C  w a s  e i t h e r  I n c o l o y  800 (32% N i ,  4 6 %  Fe) o r  Nicke l -  

11 
, 

2 0 0  (99 .5% N i l .  

P r e l i m i n a r y  t e s t s  w i t h  p u l v e r i z e d  s o l i d  (CHZlx e n t r a i n e d  

i n  a rgon  and f e d  i n t o  t h e  FCC arc, as  w e l l  as t h e  a l t e r a t i o n  

i n  f a v o r  o f  methane i n  t h e  steam cases, l e n d  s u p p o r t  t o  t h e  

b e l i e f  t h a t  t h e s e  r e s u l t s  w i t h  t h e  FCC h i g h  i n t e n s i t y  arc  may 

lead t o  p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  g a s i f i c a t i o n  of c o a l  and 

o t h e r  carbonaceous  f e e d s .  
\ 

.J 
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THE REACTION OF ATOMIC HYDROGEN WITH CARBON 

Alan S n e l s o n  
I I T  Resea rch  I n s t i t u t e  
Ch icago ,  I l l i n o i s  60616 

ABSTRACT 

A t h e r m a l l y  produced beam of a t o m i c  hydrogen  was r e a c t e d  

on a ca rbon  t a r g e t  a t  t e m p e r a t u r e s  between 30-950°C. The 

r e a c t i o n  p r o d u c t s  were  i s o l a t e d  on a l i q u i d  he l ium c o l d  f i n g e r  

and s u b s e q u e n t l y  a n a l y z e d  by g a s  chromatography.  Over t h e  

t e m p e r a t u r e  r a n g e  examined t h e  major  r e a c t i o n  p r o d u c t s  were :  

CH4-91%, C H 

were  minor c o n s t i t u e n t s ,  i f  formed a t  a l l .  Hydrocarbon 

8.4%, C H 0.6%. C2H4, C3H6 and C4 hydroca rbons  2 6" 3 8% 

. f o rma t ion  i n c r e a s e d  w i t h  t e m p e r a t u r e ,  no maximum i n  t h e  

y i e l d  o c c u r r i n g  a t  a b o u t  770°K a s  r e p o r t e d  i n  p r e v i o u s  

s t u d i e s .  The methane y i e l d - t e m p e r a t u r e  dependence  showed 

t h r e e  d i s t i n c t  phases  and a c t i v a t i o n  e n e r g i e s  were  o b t a i n e d .  

\\ 

,/ A t  30" and 9 5 0 " C ,  a b o u t  1% and 3% r e s p e c t i v e l y ,  of t h e  a v a i l -  

/ a b l e  H atoms r e a c t e d  w i t h  ca rbon  t o  form hydroca rbons .  
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INTRODUCTION 

The d i s c o v e r y  t h a t  H atoms r e a c t  w i t h  carbon was made by 

Avramenko (1) i n  1946. To d a t e  t h e  r e s u l t s  o f  t e n  o t h e r  

s t u d i e s  have  been r e p o r t e d  (2)-(11). I n  a l l  b u t  one i n v e s t i -  

g a t i o n ,  H atoms were  produced by e l e c t r i c  d i s c h a r g e  t e c h n i q u e s ;  

t h e  one e x c e p t i o n  (7 )  u s i n g  t h e r m a l  methods.  Chemical 

a n a l y s e s  o f  t h e  r e a c t i o n  p r o d u c t s  were a t t e m p t e d  w i t h  v a r y i n g  

d e g r e e s  of s o p h i s t i c a t i o n  i n  a l l  e x c e p t  one s t u d y  (5 ) .  

Agreement between t h e  d i f f e r e n t  i n v e s t i g a t i o n s  a s  t o  t h e  

h y d r o c a r b o n s  formed i n  t h e  H a tom-carbon r e a c t i o n  i s  not  

good,  some or a l l  t h e  f o l l o w i n g  have been r e p o r t e d :  CH4,  

C2H2, C2H4, C2H6, C H 3 8  
S e v e r a l  a u t h o r s  b e l i e v e  t h a t  methane i s  t h e  p r imary  r e a c t i o n  

p r o d u c t ,  w i t h  h i g h e r  h y d r o c a r b o n s  r e s u l t i n g  from hydrogen 

a b s t r a c t i o n  r e a c t i o n s  and f r e e  r a d i c a l  r e c o m b i n a t i o n  p r o c e s s e s .  

T h e r e  i s  some i n d i c a t i o n  t h a t  t h e  f o r m a t i o n  o f  

a c e t y l e n e  and e t h y l e n e  may be a s s o c i a t e d  w i t h  i o n i c  s p e c i e s  

formed i n  t h e  e l e c t r i c  d i s c h a r g e  u s e d  t o  produce  t h e  a tomic  

hydrogen .  I n  some o f  t h e  e x p e r i m e n t a l  s t u d i e s  t h e  p r o d u c t s  

r e p o r t e d  a s  be ing  formed i n  t h e  H a tom-carbon r e a c t i o n  could  

a l s o  have a r i s e n  by H atom a t t a c k  on o r g a n i c  m a t e r i a l s ,  

vacuum g r e a s e  and O - r i n g s ,  which were p a r t  o f  t h e  sys tem.  

Most i n v e s t i g a t i o n s  o f  t h e  H atom-carbon r e a c t i o n  were made 

a t  a m b i e n t  t e m p e r a t u r e s ,  b u t  i n  two c a s e s  (8,9) where a n  

e x t e n s i v e  t e m p e r a t u r e  r a n g e  was i n v e s t i g a t e d ,  a maximum i n  

and v a r i o u s  bu tanes  and b u t e n e s .  
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t h e  hydrocarbon y i e l d  was r e p o r t e d  a t  770 - + 50°K. I n  two 

k i n e t i c  s t u d i e s  (6,9) o n  t h e  r e a c t i o n ,  d a t a  were o b t a i n e d  

\ f o r  the r a t e  of ca rbon  removal  a s  a f u n c t i o n  of  t e m p e r a t u r e  

and H atom c o n c e n t r a t i o n ,  b u t  no e f f o r t  was made t o  c o r r e l a t e  

t h e s e  d a t a  w i t h  t h e  hydrocarbon p r o d u c t i o n .  
\ 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  H a tom-carbon r e a c t i o n  h a s  

been  re-examined i n  a n  e f f o r t  t o  d e t e r m i n e ;  1) t h e  n a t u r e  o f  

t h e  hydrocarbon p r o d u c t s ,  2 )  t h e  y i e l d s  of hydroca rbon  p r o d u c t s  

a s  a f u n c t i o n  o f  t e m p e r a t u r e  a n d ,  3 )  t h e  e f f i c i e n c y  o f  con-  

v e r s i o n  o f  a t o m i c  hydrogen t o  hydroca rbons .  

EXPERIMENTAL 

I n  d e s i g n i n g  t h e  e x p e r i m e n t a l  a r r angemen t  f o r  s t u d y i n g  

t h e  H a tom-carbon r e a c t i o n ,  a n  e f f o r t  was made t o  a v o i d  some 

o f  t h e  f e a t u r e s  which  may have  v i t i a t e d  t h e  r e s u l t s  o b t a i n e d  

i n  p r e v i o u s  s t u d i e s .  E.g.  P o s s i b l e  p y r o l y s i s  o f  t h e  r e a c t i o n  

p r o d u c t s ,  r e a c t i o n  between H a toms and O - r i n g s  o r  vacuum 

g r e a s e ,  and r e a c t i o n  between hydrogen i o n s  and c a r b o n .  To 

a t t a i n  t h e s e  g o a l s ,  a low p r e s s u r e  a t o m i c  hydrogen  beam 

ca rbon  r e a c t o r  was c o n s t r u c t e d  u t i l i z i n g  a l i q u i d  he l ium 

c o l d  f i n g e r  t o  remove r e a c t i o n  p r o d u c t s .  T h i s  i s  shown 

s c h e m a t i c a l l y  i n  F i g u r e  1. A l l  m a t e r i a l s  used i n  t h e  con- 

L /  

s t r u c t i o n  o f  t h e  r e a c t o r  were e i ther  m e t a l ,  ( c o p p e r ,  b r a s s ,  

Kovar and s t a i n l e s s  s t e e l )  o r  g lass .  Demountable  j o i n t s  were 

s o f t  s o l d e r e d  u s i n g  a n  i n o r g a n i c  f l u x  and a l l  s u r f a c e s  were I 

I 

L‘ a c i d  c l e a n e d  p r i o r  t o  a s sembly .  A m e c h a n i c a l  vacuum pump 
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and o i l  d i f f u s i o n  pump were  used t o  e v a c u a t e  t h e  s y s t e m ,  

and p r e s s u r e s  i n  t h e  mm r a n g e  were r o u t i n e l y  a c h i e v e d .  

Hydrogen atoms were formed by t h e r m a l  low p r e s s u r e  
(10-7-10- 5 ) atm. d i s s o c i a t i o n  o f  m o l e c u l a r  hydrogen i n  a 

t u n g s t e n  e f f u s i o n  t u b e .  The  e f f u s i o n  t u b e ,  0.067" O.D. and 

0.030" I.D. was h e a t e d  o v e r  2" o f  i t s  l e n g t h  

t o  a t e m p e r a t u r e  of 2600 -. + 50°K by e l e c t r i c a l  i n d u c t i o n .  

The t e m p e r a t u r e  was measured w i t h  a Leads N o r t h r o p  o p t i c a l  

py romete r  w i t h  e m i s s i v i t y  c o r r e c t i o n s  b e i n g  made. To i n c r e a s e  

t h e  p r o b a b i l i t y  of  e q u i l i b r i u m  b e i n g  a t t a i n e d  w i t h i n  t h e  

t u n g s t e n  e f f u s i o n  t u b e  f o r  t h e  chemica l  r e a c t i o n  H, s g h  2 H ,  
L Temp. 

t h r e e  t u n g s t e n  w i r e s  a b o u t  1" l o n g  and 0.010" d i a m e t e r  were  

i n s e r t e d  i n t o  t h e  b o r e  of  t h e  t u b e  t o  h e l p  i n c r e a s e  r e s i d e n c e  

times. Matheson Resea rch  Grade hydrogen was used i n  t h e  

s t u d y  and was s t o r e d  i n  a g l a s s  vacuum l i n e  p r i o r  t o  u s e .  

The f l o w  r a t e  of hydrogen t o  t h e  e f f u s i o n  t u b e  was c o n t r o l l e d  

by v a r y i n g  t h e  g a s  p r e s s u r e  a c r o s s  a f i x e d  l e a k .  Hydrogen 

f l o w  r a t e s  t o  t h e  e f f u s i o n  t u b e  v a r i e d  from 0.5 t o  9 x 

moles  hour-'. 

hour- '  was used.  

were d e t e r m i n e d  from P.V.T. d a t a  u s i n g  s t a n d a r d  vacuum l i n e  

t e c h n i q u e s .  These  hydrogen f low r a t e s  co r re spond  t o  p r e s s u r e s  

o f  t h e  o r d e r  5 x t o  2 x a tm a t  t h e  lowes t  and 

h i g h e s t  f l o w  r a t e s ,  r e s p e c t i v e l y .  A t  t h e  most commonly used 

hydrogen  f e e d  r a t e  (2 x 

t h e  e f f u s i o n  t u b e  was a p p r o x i m a t e l y  4 x atm. Using  d a t a  

I n  most e x p e r i m e n t s  a r a t e  o f  2 x moles  

The amounts  o f  gas  be ing  f ed  t o  t h e  r e a c t o r  

moles  hour- ')  t h e  p r e s s u r e  i n  

104 



g i v e n  i n  t h e  JANAF T a b l e s ,  ( 1 2 )  i t  may b e  shown t h a t  a t  t h i s  

p r e s s u r e  t h e  r e s u l t i n g  e f f u s a t e  i s  e s s e n t i a l l y  p u r e  atomic 

hydrogen.  A t  t h e  h i g h e s t  e x p e r i m e n t a l l y  used e f f u s i o n  t u b e  

p r e s s u r e  (2  x a tm.)  t h e  e f f u s a t e  was 798% a tomic  hydrogen.  

The c a r b o n  used i n  t h e  H a tom-carbon r e a c t i o n  was 
I 

o b t a i n e d  from t h e  U l t r a  Carbon Corp . ,  Michigan .  I t  had a 

c e r t i f i e d  p u r i t y  o f  99.9995% and a d e n s i t y  o f  1 .72  g .  ~ m . - ~  and 

was i n  t h e  form o f  a s o l i d  c y l i n d e r ,  1" l o n g  x 1" d i a m e t e r .  

I n  t h e  r e a c t o r ,  t h e  ca rbon  was mounted i n  a s t ee l  h o l d e r  on 

t h e  same a x i s  a s  t h e  t u n g s t e n  e f f u s i o n  t u b e  and 2-5/8" from 

i t ,  p r e s e n t i n g  t h e  H a toms w i t h  a f l a t  t a rge t  s u r f a c e  of  

1" d i a m e t e r .  

c a r t r i d g e  h e a t e r s  of 100 w a t t s  e a c h ,  and the t e m p e r a t u r e  

c o n t r o l l e d  by v a r y i n g  t h e  a p p l i e d  v o l t a g e  a c r o s s  t h e  h e a t e r s .  

A chromel-a lumel  the rmocoup le ,  i n s e r t e d  i n t o  t h e  ca rbon  

t a r g e t  w i t h  t h e  t e m p e r a t u r e  s e n s i n g  j u n c t i o n  a b o u t  1 / 1 6 ' '  

from t h e  r e e c t i o n  f a c e ,  was used t o  measure  t h e  t a r g e t  

t e m p e r a t u r e .  The thermocouple  o u t p u t  was measured a g a i n s t  

t h a t  o f  a n  i c e  j u n c t i o n  u s i n g  a Leeds Nor th rop  p o t e n t i o m e t e r .  

The c a r b o n  t a r g e t ,  was h e a t e d  by f o u r  Waltow 

/ T a r g e t  t e m p e r a t u r e s  were c o n s t a n t  t o  -f 2°C i n  e x p e r i m e n t s  

which u s u a l l y  l a s t e d  ane hour .  A maximum t a r g e t  t e m p e r a t u r e  

o f  a b o u t  1000°C was p o s s i b l e  and p r i o r  t o  u s e  i n  t h e  H atom- 

ca rbon  r e a c t i o n ,  t h e  ca rbon  was o u t g a s s e d  a t  950°C f o r  t h r e e  

I 

I 

I .days under  vacuum. 
I The g lass  l i q u i d  he l ium c o l d  f i n g e r  used  t o  f r e e z e  o u t  
I1 

r e a c t i o n  p r o d u c t s  was a b o u t  2" d i a m e t e r  and had a c a p a c i t y  of 
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1 l i t e r .  To minimize  h e a t  l e a k a g e  i t  was su r rounded  by a 

l i q u i d  n i t r o g e n  h e a t  s h i e l d .  A l l  s u r f a c e s  i n  t h e  Dewar 

s y s t e m  were s i l v e r e d .  A f t e r  a n  expe r imen t  t h e  c r y o g e n i c  

f l u i d s  were  removed from t h e  c o l d  f i n g e r  and t h e  sys tem 

warmed t o  room t e m p e r a t u r e .  The r e a c t i o n  p r o d u c t s  were t h e n  

removed by a T o e p l e r  pump and t h e i r  t o t a l  volume measured.  

Dur ing  t h i s  p r o c e s s  t h e  t e m p e r a t u r e  o f  t h e  ca rbon  t a r g e t  

was m a i n t a i n e d  a t  200 - + 20°C t o  h e l p  minimize  a d s o r p t i o n  o f  

g a s .  P r o v i s i o n  was made i n  t h e  c o l l e c t i o n  s e c t i o n  o f  t h e  

vacuum l i n e  t o  r a i s e  t h e  p r e s s u r e  of t h e  c o l l e c t e d  sample t o  

s l i g h t l y  above  ambien t .  T h i s  was done t o  h e l p  improve t h e  

r e l i a b i l i t y  o f  t h e  g a s  sampl ing  f o r  ch romatograph ic  a n a l y s i s .  

Gas samples  from t h e  H a tom-carbon r e a c t i o n  were  a n a l y z e d  

on a Var ian-Aerograph  g a s  chromatograph ,  Model 1800. A 

6 f t .  l ong ,1 /4"  d i a m e t e r  s t a i n l e s s  s t e e l  column packed w i t h  

216 grams of a 'Po ropak '  Q s t a t i o n a r y  phase  was used f o r  

s e p a r a t i n g  t h e  v a r i o u s  hydroca rbons .  The column was used 

i s o t h e r m a l l y  (60°C) f o r  t h e  a n a l y s i s  o f  CH4, C2H4 and C2H6. 

F o r  h i g h e r  hydroca rbons  t h e  column t e m p e r a t u r e  was p r o g r a m e d  

a t  10°C m i n - l  f o r  s i x  m i n u t e s  and t h e  column t h e n  k e p t  

i s o t h e r m a l  a t  120°C. With t h i s  ch romatograph ,  t h e  d e t e c t i o n  

o f  10-l' moles  of a s i m p l e  hydrocarbon was a t t a i n a b l e .  

to  e v e r y  a n a l y s i s ,  t h e  c a l i b r a t i o n  o f  t h e  chromatograph  was 

checked  a g a i n s t  i n j e c t i o n s  o f  known volumes o f  methane and 

e t h y l e n e .  I n  a t y p i c a l  e x p e r i m e n t ,  0.15 c c  o f  t h e  c o l l e c t e d  

g a s  f rom t h e  a tomic  hydrogen-carbon r e a c t o r  was i n j e c t e d  

P r i o r  
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i n t o  t h e  chromatograph  r e s u l t i n g  i n  hydroca rbon  y i e l d s  of  

t h e  f o l l o w i n g  magn i tude ;  CH4 = 4-18 x 

1 -2  x lo" m o l e s ,  C2H6 = 3-7  x lo" m o l e s ,  C3H6 = 0 . 5  - 2 x 

lo-'' m o l e s ,  and C3H8 = 2-5  x 10-l' moles .  

a c c u r a c y  o f  t h e  measured hydrocarbon y i e l d s  i s  b e l i e v e d  t o  

be a b o u t  2 7%. 

- m o l e s ,  C2H4 - 

The o v e r - a l l  

RESULTS AND DISCUSSION 

O p e r a t i n g  C h a r a c t e r i s t i c s  o f  t h e  R e a c t o r ,  Wi thou t  t h e  Carbon 
T a r g e t  

The r e a c t o r ,  w i t h o u t  t h e  c a r b o n  t a r g e t  i n  p l a c e ,  was 

exposed t o  H a tom a t t a c k  u s i n g  a hydrogen f l o w  r a t e  t o  t h e  

r e a c t o r  o f  -2 x moles  hour-'. The r e s u l t i n g  p r o d u c t  

g a s e s  were a n a l y z e d  c h r o m a t o g r a p h i c a l l y .  The f o l l o w i n g  

s p e c i e s  were  found ;  CH4, C2H4, C2H6,  C3H6, C3H8 and t r a c e s  

o f  b u t a n e s  and b u t e n e s .  These  f i n d i n g s  were s u r p r i s i n g  

. s i n c e  g r e a t  e f f o r t s  were made t o  remove o r g a n i c  m a t e r i a l s  

from a l l  r e a c t o r  s u r f a c e s  p r i o r  t o  a s sembly .  The r e a c t o r  

was d i s a s s e m b l e d  and a l l  s u r f a c e s  i n s p e c t e d  and r e c l e a n e d .  On 

r eas sembly  and s u b j e c t i o n  t o  H atom a t t a c k ,  hydroca rbons  

were a g a i n  produced .  The e f f e c t  o f  e x p o s i n g  t h e  r e a c t o r  t o  

H atom a t t a c k  o v e r  pro longed  p e r i o d s  o f  t i m e  was t h e r e f o r e  

s t u d i e d .  Samples o f  t h e  r e a c t i o n  p r o d u c t s  were  a n a l y z e d  

p e r i o d i c a l l y .  

Data  o b t a i n e d  from t h e s e  e x p e r i m e n t s  a r e  g i v e n  i n  T a b l e  

I. To p e r m i t  compar ison  between d i f f e r e n t  e x p e r i m e n t s ,  

r e a c t i o n  p r o d u c t  y i e l d s  a r e  a l l  quo ted  i n  terms o f  moles  of  
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hydroca rbon  formed p e r  mole o f  m o l e c u l a r  hydrogen f e d  t o  

t h e  r e a c t o r  a t  t h e  s t a t e d  m o l e c u l a r  hydrogen f eed  r a t e  t o  

t h e  r e a c t o r .  

n o t  g i v e n  i n  T a b l e  I s i n c e  t h e i r  amounts were t o o  small  f o r  

m e a n i n g f u l  a n a l y s i s .  I n  F i g u r e  2 t h e  methane y i e l d  a s  a 

f u n c t i o n  o f  t i m e  i s  p r e s e n t e d  from t h e  d a t a  g i v e n  i n  T a b l e  I 

w i t h  a hydrogen  f eed  r a t e  t o  t h e  r e a c t o r  o f  2 x l o e 5  moles  

hour- ' .  

d e c r e a s e s  q u i t e  markedly  w i t h  t h e  number o f  h o u r s  o f  H atom 

a t t a c k , ( c o n d i t i o n i n g )  and  a f t e r  some 60-80 h o u r s  a p p e a r s  t o  

r e a c h  a c o n s t a n t  minimum. 

C H and C H a l l  showed t h e  same t y p e  o f  b e h a v i o r  a s  methane 

w i t h  r e s p e c t  t o  y i e l d s  a s  a f u n c t i o n  o f  H a tom c o n d i t i o n i n g  

t i m e .  A f t e r  some 60-80 h o u r s  a s t a b l e  minimum was a t t a i n e d  

€or  a l l  s p e c i e s .  The r e a c t o r  was d i s a s s e m b l e d ,  i n s p e c t e d ,  

and s u r f a c e s  c l e a n e d  , and r e -a s sembled .  The hydrocarbon 

y i e l d  a s  a f u n c t i o n  o f  H a tom c o n d i t i o n i n g  t ime  was r e - i n v e s t i -  

g a t e d .  The same t y p e  o f  b e h a v i o r  r e s u l t e d  a s  i n  t h e  p r i o r  

e x p e r i m e n t s ,  a modera te  i n i t i a l  hydrocarbon y i e l d , d e c r e a s i n g  

w i t h  t i m e  a f t e r  some 60-80 h o u r s  t o  t h e  same v a l u e  a s  

o b t a i n e d  p r e v i o u s l y .  C o n d i t i o n i n g  was c o n t i n u e d  f o r  a t o t a l  

o f  150 h o u r s  w i t h o u t  a n y  f u r t h e r  change  i n  t h e  hydrocarbon 

y i e l d  o c c u r r i n g .  

Q u a n t i t a t i v e  y i e l d s  f o r  t h e  C4 hydroca rbons  a r e  

I t  i s  a t  once  a p p a r e n t  t h a t  t h e  y i e l d  o f  methane 

The p r o d u c t i o n  o f  C2H4, C2H6,  

3 6  3 8  

I n  T a b l e  I1 t h e  s t a b l e  hydrocarbon y i e l d s  

o b t a i n e d  a f t e r  p ro longed  H atom c o n d i t i o n i n g  of  t h e  r e a c t o ? '  

a r e  g i v e n .  
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From t h e s e  d a t a  i t  i s  n e c e s s a r y  t o  c o n c l u d e  t h a t  d e s p i t e  

a l l  e f f o r t s  to  m a i n t a i n  reactor  c l e a n l i n e s s ,  t h e  sys tem was 

con tamina ted  w i t h  c a r b o n  o r  o r g a n i c  m a t e r i a l .  

r e l a t i v e l y  l a r g e  p r o d u c t i o n  of hydroca rbons  o b t a i n e d  d i r e c t l y  

a f t e r  a s sembl ing  t h e  r e a c t o r  c o u l d  have  r e s u l t e d  from hydrogen  

atom a t t a c k  on f r e s h l y  a d s o r b e d  ca rbon  s p e c i e s ,  C O ,  C02 and 

p o s s i b l y  some h y d r o c a r b o n s ,  on t h e  i n s i d e  of t h e  r e a c t o r  

a f t e r  exposure  t o  t h e  l a b o r a t o r y  a tmosphe re .  The a p p a r e n t l y  

s m a l l e r  c o n s t a n t  y i e l d  o f  hydroca rbons  o b t a i n e d  a f t e r  pro longed  

hydrogen atom a t t a c k  suggests t h e  p r e s e n c e  of a f a i r l y  l a r g e  

though n o t  p a r t i c u l a r l y  a c c e s s i b l e  s u p p l y  o f  o r g a n i c  mater ia l .  

T h e r e  a r e  two p o s s i b l e  s o u r c e s :  1) c a r b o n  i n  t h e  s t e e l  used 

i n  f a b r i c a t i n g  some p a r t s  of t h e  r e a c t o r ,  and 2 )  o r g a n i c  

m a t e r i a l  t r a p p e d  d u r i n g  t h e  f o r m a t i o n  o f  t h e  s i l v e r  r e f l e c t i v e  

c o a t i n g  on t h e  l i q u i d  he l ium Dewar. (The l a t t e r  c o a t i n g s  

a r e  p r e p a r e d  by t h e  r e d u c t i o n  o f  ammonical s i l v e r  s o l u t i o n s  

w i t h  s u g a r ) .  I n  v iew o f  t h e  l a r g e  s i l v e r e d  s u r f a c e  a r e a  o f  

t h e  l i q u i d  he l ium dewar d j000  c m 2 ,  a small amount of  t r a p p e d  

o r g a n i c  m a t e r i a l  i n  t h e  s i l v e r  c o a t i n g  c o u l d  w e l l  b e  t h e  

ma jo r  s o u r c e  of  o r g a n i c  c o n t a m i n a t i o n  i n  t h e  r e a c t o r .  

The i n i t i a l  

A f t e r  e s t a b l i s h i n g  t h a t  a s m a l l  c o n s t a n t  y i e l d  of  

hydrocarbons  c o u l d  b e  o b t a i n e d  from t h e  r e a c t o r  on hydrogen 

atom a t t a c k ,  a few e x p e r i m e n t s  were t r i e d  i n  which  t h e  hydro-  

gen f eed  r a t e  t o  t h e  r e a c t o r  was v a r i e d  from 0.25-9.75 x 

moles hour- '  and t h e  r e a c t i o n  p r o d u c t s  a n a l y z e d .  

a r e  r eco rded  i n  T a b l e  I .  I n  F i g u r e  3 ,  t h e  methane y i e l d  a s  a 

These  d a t a  



f u n c t i o n  o f  t h e  hydrogen f e e d  r a t e  i s  p r e s e n t e d  based  on 

d a t a  g i v e n  i n  T a b l e  I .  S i m i l a r  c u r v e s  a l s o  r e s u l t e d  f o r  t h e  

o t h e r  hydroca rbons  and f o f t h i s  r e a s o n  t h e y  a r e  n o t  p r e s e n t e d  

i n d i v i d u a l l y .  From t h e s e  d a t a  i t  a p p e a r s  t h a t  hydrocarbon 

y i e l d s  v a r y  by a f a c t o r  o f  a b o u t  e i g h t  w i t h  r e s p e c t  t o  hydrogen 

f e e d  r a t e ,  i n c r e a s i n g  a t  t h e  lower  f e e d  r a t e s  and d e c r e a s i n g  

a t  t h e  h i g h e r  f e e d  r a t e s .  A s  n o t e d  i n  t h e  e x p e r i m e n t a l  

s e c t i o n ,  o v e r  t h i s  r a n g e  o f  f e e d  ra tes  the  hydrogen  s p e c i e s  

l e a v i n g  t h e  e f f u s i n g  t u b e  a r e  e s s e n t i a l l y  p u r e  a t o m i c  hydrogen ,  

w i t h  a t  most a 1 t o  2% v a r i a t i o n  o c c u r r i n g  between t h e  l o w e s t  

and h i g h e s t  f lows. Such  s m a l l  changes  i n  the  H atom concen-  

t r a t i o n  c a n n o t  e x p l a i n  t h e  o b s e r v e d  v a r i a t i o n  i n  hydrocarbon 

y i e l d  a s  a f u n c t i o n  o f  f e e d  r a t e .  A t  lower  hydrogen  f e e d  

r a t e s ,  H a tom r e c o m b i n a t i o n  r e a c t i o n s  w i l l  o c c u r  a t  a lower  

r a t e  t h a n  a t  h i g h e r  hydrogen  f eed  r a t e s .  I t  i s  p o s s i b l e  t h a t  

t h e  d e c r e a s e d  H atom r e c o m b i n a t i o n  r a t e s  a t  t h e  lower  f e e d  

r a t e s ,  and hence  l o n g e r  H a tom l i f e  t i m e  i n c r e a s e s  t h e  

p r o b a b i l i t y  f o r  H atom s u r f a c e  r e a c t i o n s  p roduc ing  hydro-  

c a r b o n s .  A more d e t a i l e d  s t u d y  o f  t h e  e f f e c t  was n o t  under -  

t a k e n .  

A f e w  expe r imen t s  were t r i e d  t o  d e t e r m i n e  i f  s i g n i f i c a n t  

c r a c k i n g  o f  hydroca rbons  o c c u r r e d  i n  t h e  r e a c t o r  on t h e  h o t  

e f f u s i o n  t u b e .  To t h i s  end s m a l l  q u a n t i t i e s  o f  methane  were 

i n t r o d u c e d  i n t o  the r e a c t o r  and  a l lowed  t o  impinge  on  t h e  

c a r b o n  t a r g e t  b e f o r e  b e i n g  f r o z e n  o u t  on t h e  l i q u i d  he l ium 

c o l d  f i n g e r .  The p r o d u c t s  were s u b s e q u e n t l y  a n a l y z e d .  
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W i t h i n  t h e  s e n s i t i v i t y  o f  t h e  ch romatograph ic  d e t e c t i o n ,  no 

n o t i c a b l e  c r a c k i n g  of  t h e  methane o c c u r r e d .  
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e x p e r i m e n t a l  d e t a i l s  were g i v e n  i n  some o f  t h e s e  s t u d i e s  

t o  i n d i c a t e  t h a t  H a tom a t t a c k  on  O - r i n g s  and vacuum g r e a s e s  

i n  t h e  r e a c t o r  sys tem p r o b a b l y  o c c u r r e d .  

H-A tom- Ca rbon  Reac t  i o n  

The ca rbon  t a r g e t  was p l a c e d  i n  the reactor which  was 

t h e n  c o n d i t i o n e d  t o  H atom a t t a c k  f o r  some 100 h o u r s .  

Exper iments  were t h e n  conducted  t o  d e t e r m i n e  t h e  hydrocarbon 

y i e l d  from t h e  H a tom-carbon r e a c t i o n  a s  a f u n c t i o n  o f  temper-  

a t u r e ,  o v e r  t h e  r a n g e  30"-950°C. Hydrogen f l o w  r a t e s  o f  

2 x moles  hour- '  were used i n  a l l  e x p e r i m e n t s .  The 

f o l l o w i n g  hydroca rbons  were d e t e c t e d ,  CH4, C2H4,  C2H6,  and  

C3H8,  w i t h  p o s s i b l y  m i n u t e  t r a c e s  o f  some C 4  s p e c i e s .  The 

amounts o f  t h e  l a t t e r  were  s imi l a r  t o  t h o s e  d e t e c t e d  i n  t h e  

background y i e l d  w i t h o u t  t h e  c a r b o n  t a r g e t  p r e s e n t  and 

r e l i a b l e  q u a n t i t a t i v e  measurements  were n o t  p o s s i b l e .  

Q u a l i t a t i v e l y ,  C4 hydrocarbon y i e l d s  were e s t i m a t e d  a t  < l o  - 3  
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o f  the methane.  F o r  the C1, C2 and C3 h y d r o c a r b o n s ,  y i e l d s  

f o r  t h e  hydrogen atom r e a c t i o n  w i t h  t h e  c a r b o n  t a r g e t  were  

c a l c u l a t e d  by s u b t r a c t i n g  t h e  background y i e l d  from t h e  t o t a l  

i n  the sample .  T h i s  method o f  c a l c u l a t i n g  t h e  hydrocarbon 

y i e l d  assumes t h a t  t h e  background l eve l  o f  hydroca rbons  i s  

n o t  a f f e c t e d  by t h e  p r e s e n c e  of t h e  compet ing  p r o c e s s  a t  t h e  

ca rbon  t a r g e t .  T h i s  s u b j e c t  w i l l  be  d i s c u s s e d  l a t e r .  

The d a t a  o b t a i n e d  from 25  e x p e r i m e n t s  a r e  shown i n  

T a b l e  111. The hydroca rbon  y i e l d s  a r e  p r e s e n t e d  i n  terms o f  

moles  of hydrocarbon formed p e r  mole o f  m o l e c u l a r  hydrogen 

f e d  i n t o  t h e  r e a c t o r  a t  t h e  s t a t e d  t e m p e r a t u r e .  I n  F i g u r e s  

4 ,  5 and 6 t h e  d a t a  a r e  shown g r a p h i c a l l y  f o r  me thane ,  e t h a n e  

and p ropane .  The s c a t t e r  o f  t h e  i n d i v i d u a l  p o i n t s  on  t h e  

methane c u r v e  shown i n  F i g u r e  4 may be  c o n s i d e r e d  a s  a c c e p t a b l e  

i n  t e r m s  of t h e  e x p e c t e d  e x p e r i m e n t a l  e r r o r s ,  b u t  t h e  s c a t t e r  

o f  the  p o i n t s  on t h e  e t h a n e  and propane  c u r v e s  i s  c o n s i d e r a b l y  

/ 

l a r g e r .  The r e a s o n  f o r  the  i n c r e a s e d  s c a t t e r  i n  t h e s e  d a t a  

p o i n t s  i s  n o t  c e r t a i n .  I t  was obse rved  t h a t  y i e l d s  o f  e t h a n e  

and propane  o b t a i n e d  i n  a low t e m p e r a t u r e  expe r imen t  performed 

d i r e c t l y  a f t e r  a h i g h  t e m p e r a t u r e  expe r imen t  appea red  t o  be  

s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  y i e l d  o b t a i n e d  when pe r fo rming  

two low t e m p e r a t u r e  e x p e r i m e n t s  c o n s e c u t i v e l y .  T h i s  b e h a v i o r  

s u g g e s t s  some t y p e  of  h y s t e r e s i s  e f f e c t  i s  o c c u r r i n g  which  

r e s u l t s  i n  t h e s e  h y d r o c a r b o n s  b e i n g  more s l o w l y  r e l e a s e d  

d u r i n g  sample  c o l l e c t i o n ,  t h a n  the  methane.  I t  i s  p r o b a b l e  

t h a t  t h e s e  two hydroca rbons  a r e  more s t r o n g l y  adso rbed  by 
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t h e  s u r f a c e s  i n  t h e  r e a c t o r  t h a n  t h e  me thane ,  and t h i s  might  

a c c o u n t  f o r  t h e  r a t h e r  poor  p r e c i s i o n  o f  t h e  d a t a .  Unfo r tun -  

a t e l y  i t  was not  p o s s i b l e  t o  examine t h i s  problem i n  more 

d e t a i l .  

The d a t a  p r e s e n t e d  i n  T a b l e  I11 f o r  y i e l d s  of e t h y l e n e  

and propene  i n  t h e  H a tom-carbon r e a c t i o n  shows i n  many c a s e s  

n e g a t i v e  v a l u e s .  T h i s  s i t u a t i o n  a r i s e s  from t h e  mode o f  

c a l c u l a t i o n s  o f  t h e  y i e l d  which was e x p l a i n e d  e a r l i e r .  The 

n e g a t i v e  v a l u e s  i n d i c a t e  t h a t  s m a l l e r  q u a n t i t i e s  of e t h y l e n e  

and p r o p y l e n e  a r e  b e i n g  formed i n  t h e  p r e s e n c e  of  t h e  c a r b o n  

t a r g e t  t han  i n  i t s  a b s e n c e ,  s u g g e s t i n g  t h a t  t h e  i n t e r a c t i o n  

o f  t h e  H a toms w i t h  t h e  ca rbon  t a r g e t  r e d u c e s  t h e  background 

y i e l d  of t h e s e  hydroca rbons .  From t h e  d a t a  p r e s e n t e d  i n  

T a b l e  111 f o r  C2H4 and C3H6,  i t  a p p e a r s  t h a t  t h e i r  r e s p e c t i v e  

y i e l d s  a r e  n o t  n o t i c a b l y  t e m p e r a t u r e  dependen t .  

t h i s  t o  be  t r u e ,  t h e  a v e r a g e  y i e l d  o f  C2H4 = -(0.009 -t 0.039) 

x 

o f  H2 f e d  t o  t h e  r e a c t o r  o v e r  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i -  

g a t e d .  The e r r o r  l i m i t s  a s s o c i a t e d  w i t h  t h e s e  v a l u e s  a r e  

q u i t e  l a r g e ,  c o n s e q u e n t l y  i t  c a n n o t  be u n e q u i v o c a l l y  s t a t e d  

t h a t  no e t h y l e n e  o r  propene  i s  formed d u r i n g  t h e  H a tom-carbon 

Assuming 

- 
and o f  C3H6 = - (0 .0014 - 4- 0.0035) x moles  p e r  mole 

r e a c t i o n .  However t h e  d a t a  do s u g g e s t  v a l u e s  c lose t o ,  i f  

n o t  z e r o ,  f o r  y i e l d s  of t h e s e  two u n s a t u r a t e d  hydroca rbons .  

tf To add f u r t h e r  c r e d e n c e  t o  t h i s  c o n c l u s i o n ,  a t  the end of t h e  

series o f  expe r imen t s  t h e  c a r b o n  t a r g e t  was removed from t h e  i 



Afte r  some 80 h o u r s  o f  c o n d i t i o n i n g  t h e  y i e l d s  o f  hydroca rbons  

were a l l  found t o  a g r e e ,  w i t h i n  t h e  e x p e r i m e n t a l  e r ro r ,  w i t h  

t h e  v a l u e s  o b t a i n e d  p r e v i o u s l y .  

F i n a l l y  i n  F i g u r e  7 a n  A r r h e n i u s  p l o t  o f  t h e . H  a tom-carbon 

r e a c t i o n  d a t a  i s  p r e s e n t e d ,  based on t h e  methane y i e l d s  

g i v e n  i n  T a b l e  111. T h r e e  d i s t i n c t  r e a c t i o n  r e g i o n s  a r e  

i n d i c a t e d .  A l e a s t  squares f i t  on the d a t a  r e s u l t e d  i n  

a c t i v a t i o n  e n e r g i e s  for  the p r o d u c t i o n  of methane o f ,  4.5 2 

\ 

1 

1 . 2  k c a l  mole-', 0.15 - + 0.05 k c a l  mole-' and 0.94 - + 0 .20  

k c a l  mole-'  i n  t h e  h i g h ,  medium and low t e m p e r a t u r e  r e g i o n s  

r e s p e c t i v e l y .  The p r e c i s i o n  l i m i t s  a r e  t h e  s t a n d a r d  d e v i a t i o n s  

c a l c u l a t e d  from t h e  e x p e r i m e n t a l  d a t a .  No a t t e m p t  was made 

t o  f i t  t h e  d a t a  o b t a i n e d  from t h e  e t h a n e  and propane  y i e l d s  

t o  an A r r h e n i u s  t y p e  c u r v e  d u e  t h e i r  poor  p r e c i s i o n .  

Hydrocarbon P r o d u c t  D i s t r i b u t i o n  

The p r e s e n t  i n v e s t i g a t i o n  h a s  e s t a b l i s h e d  t h a t  t h e  

r e a c t i o n  o f  hydrogen  atoms, a t  a n  i n i t i a l  t e m p e r a t u r e  of  

a b o u t  2600"K, w i t h  a c a r b o n  s u r f a c e  a t  a p p r o x i m a t e l y  30°C 

p r o d u c e s  t h e  f o l l o w i n g  s a t u r a t e d  hydroca rbons ,  CH@l mole % 

C2H6~8 .6  mole % and C H 0.4 mole %. 

a p p e a r  t o  v a r y  s i g n i f i c a n t l y  o v e r  t h e  t e m p e r a t u r e  r a n g e  

s t u d i e d .  The re  is a p o s s i b i l i t y  t h a t  v e r y  minor  amounts 

of C2H4, C3H6 and C4 s p e c i e s  may a l s o  be formed.  

s t u d i e s  o n  t he  atomic hydrogen-carbon r e a c t i o n ,  Wood and Wise(9)  

(1969)  r e p o r t e d  hydroca rbon  y i e l d s  o f  CH4&1% w i t h  C 2  t h rough  

CgM9%; H a r r i s  and T i c k n e r  (2 )  (1947)  have  r e p o r t e d  CH4,91% and 

i 
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These  r a t i o s  d o  n o t  3 8" 

i 
I n  e a r l i e r  

I( 
3 

114 



I a 

C2 t h rough  CgC"9%. 

d i s c h a r g e s  were used t o  produce  hydrogen a toms.  I n  t h e  

former  s t u d y ,  s u f f i c i e n t  e x p e r i m e n t a l  d e t a i l s  w e r e  g i v e n  t o  

i n d i c a t e  t h a t  i o n i c  s p e c i e s  from t h e  e l ec t r i c  d i s c h a r g e  p r o b a b l y  

d i d  not  t a k e  p a r t  i n  t h e  r e a c t i o n .  The p o s s i b i l i t y  t h a t  some 

H atom a t t a c k  on O- r ings  i n  t h e  sys t em o c c u r r e d  canno t  be 

r u l e d  o u t .  The r e p o r t e d  p r e s e n c e ,  though presumably  s m a l l ,  

o f  hydrocarbons  i n  t h e  C4 t h r o u g h  C8 r a n g e  

t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y ,  t h a t  H a tom a t t a c k  on 

some m a t e r i a l  o t h e r  t h a n  t h e  c a r b o n  t a r g e t  o c c u r r e d .  Lack of 

e x p e r i m e n t a l  d e t a i l s  does  n o t  a l l o w  a n  a s s e s s m e n t  o f  t h e  

v a l i d i t y  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  H a r r i s  and T i c k n e r  

s t u d y  t o  be made. I n  t h e  s t u d y  by G i l l ,  Toomey and Moser ( 7 )  

(1967)  l o w  p r e s s u r e  t h e r m a l l y  produced hydrogen  atoms r e a c t -  

i n g  w i t h  v a r i o u s  c a r b o n s  were r e p o r t e d  t o  produce  methane 

y i e l d s  from 89.4 t o  49.8%, w i t h  h i g h e r  h y d r o e a r b i n s ,  C2-C4 

I n  b o t h  t h e s e  s t u d i e s  low p r e s s u r e  e l e c t r i c  

s u g g e s t s ,  based on 

making up t h e  b a l a n c e .  I n  t h i s  s t u d y  hydrogen atom a t t a c k  

on o r g a n i c  m a t e r i a l  w i t h i n  t h e  r e a c t i o n  v e s s e l  undoub ted ly  

o c c u r r e d ,  and t h e s e  r e s u l t s  must  t h e r e f o r e  be  d i s c o u n t e d .  

I t  i s  n o t  p o s s i b l e  t o  compare t h e  v a l u e s  o b t a i n e d  f o r  t h e  

r e l a t i v e  y i e l d s  o f  t h e  i n d i v i d u a l  h i g h e r  hydroca rbons  d e t e r -  

mined i n  t h i s  s t u d y , w i t h  t h o s e  o f  e a r l i e r  i n v e s t i g a t i o n s ,  

s i n c e  e i t h e r  no s p e c i f i c  d a t a  were g i v e n ,  or i n  t h o s e  

c a s e s  where t h e y  were ( 9 ) ,  t h e  e x p e r i m e n t a l  p r o c e d u r e s  were 

i 
I 

\ 
i o b v i o u s l y  u n r e l i a b l e .  
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I t  has  been s u g g e s t e d  t h a t  CH4 i s  t h e  pr imary  

p r o d u c t  i n  t h e  H a tom-ca rbon  r e a c t i o n  and t h a t  h i g h e r  

hydroca rbons  a r e  t h e  r e s u l t  o f  s econdary  p r o c e s s e s .  The l a t t e r  

c o u l d  be  s u r f a c e  or g a s  p h a s e  i n t e r a c t i o n s  between H atoms and 

CH4 o r  be tween r a d i c a l  s p e c i e s ,  C H 3 ,  CH2 o r  CH. 

i n v e s t i g a t i o n ,  s i g n i f i c a n t  q u a n t i t i e s  o f  bo th  C2H6 and C3H8 

were formed i n  a d d i t i o n  t o  CH and a l t h o u g h  t h e  ' exper imenta l  4 '  
c o n d i t i o n s  p r o b a b l y  e l i m i n a t e d  secondary  g a s  phase  r e a c t i o n s ,  

s e c o n d a r y  s u r f a c e  p r o c e s s e s  c o u l d  c e r t a i n l y  have o c c u r r e d .  

The p o s s i b l e  p r i m a r y  o r  s e c o n d a r y  n a t u r e  o f  C2H6 and C 3 H g  

i n  t h e  H a tom-carbon r e a c t i o n  c a n n o t  be  de t e rmined  f r m  d d t a  

o b t a i n e d  i n  t h i s  s t u d y .  Had t h e  p r e c i s i o n  o f  t h e  y i e l d  d a t e  

f o r  5 0 t h  C2H6 and C H 3 8  4 '  
r e a c t i o n  s t u d i e s  made w i t h  d i f f e r e n t  H atom f l u x  r a t e s ,  

more d e f i n i t e  c o n c l u s i o n s  w i t h  r e s p e c t  t o  t h i s  q u e s t i o n  r3Fg;nt 

h a v e  been o b t a i n e d .  F u r t h e r  c l a r i f i c a t i o n  of  t h i s  p n i i t  

c o u l d  p r o b a b l y  a l s o  have been d e r i v e d  frorn e l e c t r g n  s p i n  

r e s o n a n c e  and m a t r i x  i s o l a t i o n  i n v e s t i g a t i o n s  

I n  t h e  p r e s e n t  

been  coinparable  t o  t h a t  f o r  CH sild 

The f i n d i n g  t h a t  methane compr i se s  91Z o f  t h e  t c c a i  

hydroca rbon  y i e l d  i n  t h e  H a tom-carbon r e a c t i o n  i n  t h i s  

s t u d y  and t h o s e  o f  Wise ( 9 )  and H a r r i s  ( 2 )  i s  i n t e r e s t i i g  

i n  t h a t  d i f f e r e n t  r eac t ion  c o n d i t i o n s  were u s e d .  In t h i s  

s t u d y  t h e  i n i t i a l  hydrogen atom t e m p e r a t u r e  b e f o r e  i n t e r a c t -  

i n g  w i t h  t h e  ca rbon  t a r g e t  was 2600"K, whereas  i n  t h e  e a r l i e r  

s t u d i e s  hydrogen atom t e m p e r a t u r e s  i n  t h e  r a n g e  300' - 373'K 

were used .  D e s p i t e  t h e s e  d i f f e r e n c e s  t h e  r e l a t i v e  y i e l d  of 
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o f  mechane w i t h  r e s p e c t  t o  t h e  o t h e r  hydrocarbons remained 

unchanged, implying t h a t  t h e  f a c t o r s  r e s p o n s i b l e  f o r  t h e  

observed product d i s t r i b u t i o n  a r e  independent of  t h e  H atom 

temperature .  Su r face  c o n t r o l l e d  phenomena appear  t o  be domi- 

nan t .  The e f f e c t i v e  hydrogen atom p r e s s u r e  a t  t h e  carbon 

t a r g e t  i n  t h i s  s tudy  was a t  l e a s t  a f a c t o r  of l o 3  lower than 

t h a t  used by Wise ( 9 )  and H a r r i s  (2 ) .  I f  gas  phase r e a c t i o n s  

were important i n  de te rmining  t h e  product  d i s t r i b u t i o n  a 

n o t i c e a b l e  v a r i a t i o n  between t h e  d i f f e r e n t  i n v e s t i g a t i o n s  

might be expected. That t h i s  was no t  t h e  c a s e  aga in  sugges t s  

t h a t  t he  carbon s u r f a c e  r e a c t i o n s  l a r g e l y  c o n t r o l  t h e  product  

d i s  t r i but i o n .  

H Atom-Carbon React ion a s  a Funct ion of  Temperature 

The i n v e s t i g a t i o n  of  t h e  hydrogen atom-carbon r e a c t i o n  

a s  a func t ion  of temperature  was followed by measuring 

hydrocarbon y i e l d s  ove r  t h e  tempera ture  range 300- 1220°K. 

The bes t  da t a  were obta ined  f o r  methane and showed t h a t  the 

r e a c t i m  r a t e  i nc reased  cont inuous ly  w i t h  temperature  ove r  

t h e  e n t i r e  range.  S i m i l a r  t r e n d s  were found f o r  e thane  

and propane. I n  two e a r l i e r  s t u d i e s  a maximum i n  t h e  

r e a c t i o n  r a t e  a t  about 720°K ( 9 )  and 820°K (8) was r e p o r t e d .  

The former s tudy  was based on t h e  carbon removal r a t e  a f t e r  

H atom a t t a c k ,  whi le  i n  t h e  l a t t e r ,  t h e  methane y i e l d  was 

used a s  t h e  r a t e  i n d i c a t o r .  These r e s u l t s  a r e  i n  obvious 

disagreement w i t h  t h o s e  obta ined  i n  t h i s  s t u d y .  The maximum 

was j u s t i f i e d  i n  terms o f  t h e  thermodynamic i n s t a b i l i t y  o f  

I 
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methane a t  abou t  850°K ( 8 , 9 )  a t  which tempera ture  i t s  f r e e  

energy o f  formation changes from nega t ive  t o  p o s i t i v e .  

These arguements must be regarded a s  spec ious  s i n c e  t h e  

thermodynamic i n s t a b i l i t y  p red ic t ed  f o r  methane a t  850°K 

r e q u i r e s  H2 and CH 

be i n  i t s  s t anda rd  s t a t e ,  w i t h  a s t a t e  of thermodynamic 

equ i l ib r ium e x i s t i n g  between t h e  t h r e e  s p e c i e s .  Obviously 

i n  t h e  H atom-carbon r e a c t i o n ,  t h e s e  c r i t e r i a  f o r  t h e  

a p p l i c a t i o n  of  thermodynamic reasoning  do n o t  a p p l y ,  and i n  

f a c t ,  t h e  c o n d i t i o n s  a r e  d e l i b e r a t e l y  chosen so t h a t  t h e  

r e s u l t s  a r e  k i n e t i c a l l y  c o n t r o l l e d .  I f  thermodynamic reason-  

i ng  i n  any form could be a p p l i e d  t o  the  r e a c t i o n ,  and hdve 

any meaning, t h e  system 4 H  + C = C H 4  should have been c t lns ide-  

r ed .  I t  i s  e a s i l y  de te rmined  t h a t  f o r  t h i s  p rocess  t h e  

r e a c t i o n  a t  850°K has  a f r e e  energy changes of  ahcut  -160  k i d L .  

Simply,  a maximum i n  the  H atom-carbon r e a c t i o n  r a t e  cc!m<.t 

be j u s t i f i e d  on a thermodynamic b a s i s .  I t  i s  p robab le  t h a t  

i n  t h e  e a r l i e r  s t u d i e s  p y r o l y s i s  o f  t h e  hydrocarbon r e a c t i i ?  

p roduc t s  on t h e  h igh  tempera ture  carbon t a r g e t  was r e s p o n s i b l e  

f o r  t h e  observed maximum product  y i e l d  tempera ture .  19 the  

expe r imen ta l  des ign  used i n  t h e  p r e s e n t  s tudy  p y r o l y s i s  v f  

t h i s  type  was kep t  t o  a minimum by v i r t u e  of  t h e  h igh  pumping 

r a t e  o f  t h e  l i q u i d  he l ium co ld  f i n g e r .  

t o  b e  a t  u n i t  f u g a c i t y  and f o r  carbon t o  4 

From t h e  Arrhenius  p l o t  o f  t h e  exper imenta l  d a t a  f a r  

methane shown i n  F i g u r e  7 ,  t h r e e  f a i r l y  w e l l  de f ined  d i f f e r e n t  

r e a c t i o n  regimes were found;  300 to  500"K, E = 0.94  2 0.20 

\ 
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k c a l  mole-', 500 t o  1,00O"K, Ea = 0.15 - + 0.05 k c a l  mole-' 

and 1,000 t o  1,200°K, Ea = 4.50 5 1.20 k c a l  mole-'. It 

should be noted t h a t  t h e  d a t a  shown i n  F i g u r e  7 must be 

considered a s  a pseudo-Arrhenius p l o t  s i n c e  t h e  temperatures  

of t h e  H atoms and t h e  carbon t a r g e t  were cons iderably  

d i f f e r e n t  from each o t h e r ,  whereas t h e  s imple r e a c t i o n  r a t e  

t h e o r y  assumes equa l  temperatures  f o r  a l l  r e a c t a n t s .  

J u s t i f i c a t i o n  f o r  t h e  occurrence of  t h r e e  d i f f e r e n t  r e a c t i o n  

r a t e  r eg ions  might be p o s s i b l e  i f  d a t a  were a v a i l a b l e  o n  t h e  

a d s o r p t i o n  c h a r a c t e r i s t i c s  o f  H atoms on a carbon s u r f a c e ;  

u n f o r t u n a t e l y  t h i s  i s  n o t  t h e  c a s e .  Data on t h e  a d s o r p t i o n  

c h a r a c t e r i s t i c s  o f  molecular  hydrogen o n  carbon ( l 3 , 1 4 )  a r e  

known. Below 1 0 0 ° K  hydrogen i s  p h y s i c a l l y  adsorbed;  between 

100 and 550"K, i t  i s  on ly  v e r y  weakly adso rbed ;  between 550 

and 950"K, slow changes i n  t h e  a d s o r p t i o n  c h a r a c t e r i s t i c s  

occur  and above 950°K s t r o n g  a d s o r p t i o n  o c c u r s  w i t h  t h e  

e q u i l i b r i u m  being r a p i d l y  a t t a i n e d .  A h e a t  o f  a d s o r p t i o n  o f  

m50 k c a l  mole-' was obta ined  i n d i c a t i n g  s t r o n g  chemisorpt ion 

i r :  t h i s  l a t t e r  r eg ion .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

t h r e e  d i f f e r e n t  temperature  r e g i o n s  f o r  t h e  a d s o r p t i o n  of  

molecular  hydrogen on carbon roughly p a r a l l e l  t h e  t h r e e  

d i f f e r e n t  r e a c t i o n  r a t e  tempera ture  regimes f o r  t h e  atomic 

hydrogen-carbon r e a c t i o n .  It  appea r s  h i g h l y  probable  t h a t  

above 1,000"K t h e  r a p i d  chemisorpt ion of molecular  hydrogen 

and p o s s i b l y  atomic H could be r e s p o n s i b l e  f o r  t h e  inc reased  

r e a c t i o n  r a t e  observed i n  t h i s  r eg ion .  
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Although a c t i v a t i o n  e n e r g i e s  f o r  t h e  H atom-carbon 

r e a c t i o n  have been r e p o r t e d  ( 6 , 9 ) ,  t h e  va lues  were based on 

t h e  r a t e  o f  carbon removal,  no t  on the  y i e l d  of methane a s  

i n  t h i s  s tudy .  S ince  e t h a n e  and propane a r e  produced i n  

s i g n i f i c a n t  q u a n t i t i e s  i n  a d d i t i o n  t o  t h e  methane, t he  two 

s e t s  of a c t i v a t i o n  e n e r g i e s  a r e  n o t  s t r i c t l y  comparable. 

However, i n  t h i s  s tudy  t h e  y i e l d  of  bo th  e thane  and propane 

fol lowed s i m i l a r  t r ends  w i t h  temperature  a s  t h a t  of methane, 

and i t  i s  p o s s i b l e  t h a t  t h e  a c t i v a t i o n  ene rg ie s  based on 

methane y i e l d s  and carbon removal r a t e s  a r e  not too d i f f e r e n t .  

Wise ( 6 )  has r epor t ed  a c t i v a t i o n  e n e r g i e s  based on carbon 

removal r a t e s  of 9.2 and 7.1 k c a l  mole-', i n  t h e  temperature  

range  365 t o  500"K, and 5.15 k c a l  mole-' i n  t h e  450-715°K 

reg ion .  These va lues  a r e  a l l  cons ide rab ly  l a r g e r  than those  

obta ined  i n  t h i s  s tudy .  Hydrogen atom tempera tures  below 

370'K were used i n  t h e  carbon removal r a t e  method of d e t e r -  

mining a c t i v a t i o n  e n e r g i e s , ( 6 , 9 )  w h i l s t  i n  t h i s  s tudy  

hydrogen atom tempera tures  of  2600°K were used. The l a t t e r  

have a thermal  energy ( t r a n s l a t i o n a l )  =5 k c a l  mole-' whereas 

t h e  former have about  0.7 k c a l s  mole-'. 

atom t r a n s l a t i o n a l  energy i s  impor tan t  e n e r g e t i c a l l y  i n  t h e  

H atom-carbon r e a c t i o n ,  t hen  the  a c t i v a t i o n  e n e r g i e s  

obta ined  i n  t h i s  s tudy  should  be increased  by about  4 k c a l  

mole-' t o  be comparable w i t h  those  of t h e  e a r l i e r  s t u d i e s .  

I f  t h e  hydrogen 

Th i s  improves somewhat t he  agreement between t h e  two d i f f e r e n t  

s e t s  of exper imenta l  a c t i v a t i o n  e n e r g i e s .  
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Hydroqen Atom-Hydrocarbon Conversion E f f i c i e n c y  

The d a t a  obtained i n  t h e  p r e s e n t  s t u d y  a l low some l i m i t s  

t o  be placed on t h e  e f f i c i e n c y  w i t h  which hydrocarbons a r e  

produced i n  t h e  H atom-carbon r e a c t i o n .  I n  t h e  fol lowing 

c a l c u l a t i o n s  i t  i s  assumed t h a t  a l l  hydrogen f e d  t o  t h e  

r e a c t o r  l e a v e s  t h e  e f f u s i o n  tube  e n t i r e l y  a s  atoms. From 

d a t a  i n  Table  I11 c a l c u l a t i o n s  shows t h a t  1 mole of hydrogen 

atoms formed i n  t h e  r e a c t o r  r e s u l t  i n  t h e  product ion  of about  

1 .25  x 

7.5 x 

hydrogen atoms e f f u s i n g  i n t o  t h e  r e a c t o r  can p o t e n t i a l l y  

r e a c t  w i t h  t h e  carbon t a r g e t  t o  produce hydrocarbons then 

0.6%, 0.07% and 0.06% o f  t h e  atoms a r e  u t i l i z e d  t o  form 

r e s p e c t i v e l y  CH4, C2H6 and C3H8. These f i g u r e s  imply t h a t  

one out  of every 140 hydrogen atoms e n t e r i n g  t h e  system i s  

involved i n  t h e  forma t i o n  of hydrocarbons.  

i 

moles of C H ~ ,  1.2 x 

moles of C3B8 a t  30°C. 

moles o f  C ~ H ~  and 

I f  it i s  assumed t h a t  a l l  

Of c o u r s e ,  not a l l  of t h e  hydrogen atoms formed i n  

t h e  r e a c t o r  have an o p p o r t u n i t y  t o  i n t e r a c t  w i t h  t h e  carbon 

t a r g e t .  Using molecular  beam p r o p e r t i e s  and t h e  geometry of  

t h e  r e a c t o r  system, (15,16,17 & 18) i t  may be  shown t h a t  

between 60-70% of a l l  atoms l eav ing  t h e  e f f u s i o n  tube w i l l  

i n t e r a c t  d i r e c t l y  w i t h  t h e  carbon t a r g e t .  It i s  p o s s i b l e  

t h a t  some H atoms i n t e r a c t  w i t h  t h e  carbon t a r g e t  a f t e r  

undergoing r e a c t o r  w a l l  c o l l i s i o n s .  The number o f  such 

secondary t a r g e t  c o l l i s i o n s  i s  l i k e l y  t o  be s m a l l  s i n c e  t h e  

1 2 1  



t a r g e t  s u r f a c e  a r e a  << t han  t h e  t o t a l  i n t e r n a l  s u r f a c e  a r e a  

of t h e  r e a c t o r .  Assuming t h a t  on ly  t h o s e  H atoms i n t e r a c t i n g  

w i t h  t h e  t a r g e t  d i r e c t l y  a f t e r  l e a v i n g  t h e  e f f u s i o n  tube  a r e  

l i k e l y  t o  produce hydrocarbons,  t h e  f r a c t i o n  o f  a tomic 

hydrogen c o l l i s i o n  l e a d i n g  t o  CH4, C2HgY and C H 

l a t e d  a t  approximately 1.0%, 0.1% and 0.1% r e s p e c t i v e l y .  

These numbers imply t h a t  about  one o u t  of  e i g h t y  t h r e e  

H atoms c o l l i d i n g  w i t h  the t a r g e t  produces hydrocarbons.  

A t  about  950°C, t h e  hydrocarbon y i e l d  v a l u e s  a r e  i n c r e a s e d  

by about  a f a c t o r  of  t h r e e  and hence t h e  c o l l i s i o n  e f f i c i e n c y  

i s  ca l cu -  3 8  

of H a t o m s t o  produce hydrocarbons becomes about  one o u t  o f  

twenty e i g h t  H atoms. 

I t  i s  no t  p o s s i b l e  t o  compare d i r e c t l y  t h e  H atom-hydro- 

carbon conversion e f f i c i e n c i e s  ob ta ined  i n  t h i s  s tudy  w i t h  

t h o s e  o f  o t h e r  workers ,  s i n c e  t h e  d a t a  a r e  e i t h e r  n o t  r e p o r t e d ,  

o r  t h e  experimental  c o n d i t i o n s  a r e  n o t  analogous t o  t h o s e  

used i n  t h e  p r e s e n t  s t u d y .  I n  two s t u d i e s  ( 9 , l l ) , w h e r e  t h e  

l a t t e r  c o n d i t i o n  h o l d s ,  H atom conversion e f f i c i e n c i e s  were 

r e p o r t e d  of between one and t w o  o r d e r s  of magnitude lower 

than  obta ined  i n  t h i s  i n v e s t i g a t i o n .  I t  appea r s  probable  

t h a t  t h e  h igher  hydrogen p r e s s u r e s  used i n  the  e a r l i e r  

s t u d i e s ,  r e s u l t e d  i n  exper imenta l  c o n d i t i o n s  i n  which H atom 

recombinat ion r a t e s  were s u b s t a n t i a l l y  g r e a t e r . t h a n  i n  t h e  

p r e s e n t  s t u d y  w i t h  t h e  cor responding  d imuni t ion  i n  hydro- 

carbon forming p r o c e s s e s .  

122 



4 

V 

CONCLUSIONS 

1. The r e a c t i o n  of atomic hydrogen w i t h  carbon a t  30°C 

r e s u l t s  i n  t h e  product ion of  CH4=91%, 

0.6%.,  The formation of C2H4,  C3H6 and C 

r e a c t i o n  i s  ze ro  o r  c l o s e  t o  z e r o .  

2. About 1.2% of t h e  atomic hydrogen i n t e r a c t i n g  wi th  t h e  

C2H6~8.4%, and C3H8* 

4 s p e c i e s  i n  t h e  

carbon t a r g e t  i s  converted t o  hydrocarbonsa t  30°C. A t  950°C 

t h i s  f r a c t i o n  i n c r e a s e s  t o  about  3.6%. 

3. Over t h e  temperature  range 30-950°C t h e  hydrocarbon 

product  d i s t r i b u t i o n  remains e s s e n t i a l l y  unchanged 

4.  Previous r e p o r t s  of  a maximum i n  t h e  hydrocarbon y i e l d  at: 

720-820°K were not  s u b s t a n t i a t e d .  The previous ly  r e p o r t e d  

maximum i s  bel ieved t o  be a f u n c t i o n  o f  t h e  exper imenta l  

arrangements .  

5 .  The H atom-carbon r e a c t i o n  r a t e  t o  produce methdrle has 

t h r e e  d i s t i n c t  phases.  A c t i v a t i o n  e n e r g i e s  were determined.  

300 t o  500"K,Ea = 0.94 - f 0.20 k c a l  mole-'; 500 t o  LOOO"K,  

Ea = 0.15 - t 0.05 kca l  mole-'; and 1000 t o  1200"K, Ea = 4 .5  

- -t 1 . 2  k c a l  mole-'. 
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TABLE I1 

HYDROCARBON YIELD AFTER CONDITIONING THE REACTOR FOR A 
PROLONGED PERIOD OF TIME (580 HOYRS) AT A H P R O G E N  FEED 

RATE OF 2 x 10‘ MOLES/HR’ 

Hvdrocarbon Moles of Hydrocarbon per Mole of 
H, Fed t o  the Reactor 

cH4 

‘2 H4 

‘2 H6 

‘3 H6 

‘SH8 

(a) 
(1.6910.21) x 

(1.18i0.27) x 

(1.42i0.20) x 

(7.5 i 1.6) x 

(2.55*0.34) x 10’’ 

(a) Reported error l i m i t s  are t h e  standard deviations of the 
observed experimental values.  
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PROBLEMS I N  PULVERIZED COAL AND CHAR COMBUSTION 

David Gray, Research  A s s o c i a t e  
John G. Cogo l i ,  Graduate  Research  A s s i s t a n t  

Robert  H. Essenhigh ,  P r o f e s s o r  of Fue l  Science 

Combustion Labora tory  
The Pennsylvania  S t a t e  U n i v e r s i t y  

U n i v e r s i t y  P a r k ,  Pennsy lvan ia  16802 

A b s t r a c t  

I n t e r e s t  i n  cha r  combustion d e r i v e s  from t h e  need t o  u t i l i z e  
S u c c e s s f u l  t h e  cha r  produced du r ing  some g a s i f i c a t i o n  p r o c e s s e s .  

use  of cha r  i n  combustion may depend on use  w i t h  supplementary 
f u e l .  The c r i t i c a l  f a c t o r  de t e rmin ing  t h i s  appea r s  t o  b e  t h e  char  
" r e a c t i v i t y "  which may b e  v a r i a t i o n s  i n  i n t r i n s i c  r e a c t i v i t y  
depending on d i f f e r e n c e s  i n  thermal  h i s t o r y ,  o r  i t  may b e  dependent 
on d i f f e r e n c e s  i n  i n t e r n a l  s u r f a c e .  I n  p r e p a r a t i o n  f o r  a n  
exper imenta l  program t o  de t e rmine  t h e  r e l a t i v e  s i g n i f i c a n c e  of 
t h e s e  a l t e r n a t i v e s  (o r  o t h e r s )  , what are cons ide red  r e l e v a n t  
c o n t r i b u t i o n s  i s  t h e  e x i s t i n g  expe r imen ta l  l i t e r a t u r e  have been 
r e -eva lua ted .  
eva lua ted  f o r  many c o a l  cha r s  t h e r e  appea r s  t o  have  been a 
fundamental  omiss ion  i n  t h e  k i n e t i c  a n a l y s i s ,  and a n  a t t empt  t o  
remedy t h i s  has  been made. 
char  p a r t i c l e s  t h a t  may burn  e i t h e r  i n  Zone I o r  Zone I1 depending 
on t h e  p a r t i c l e  p e r m e a b i l i t y .  
w i th  p a r t i c l e s  below about  100 microns .  I n  Zone I and I1 combustion, 
however, t h e  i n t r i n s i c  r e a c t i o n  i s  e v i d e n t l y  a ze ro  o r d e r ,  h igh  
a c t i v a t i o n  energy p r o c e s s  (E about  45 k c a l )  a t  t empera tu res  i n  
t h e  r e g i o n  of 1000°K, changing t o  a f i r s t  o r d e r ,  low a c t i v a t i o n  
energy p r o c e s s  (E about 7 k c a l )  a t  t empera tu res  approaching  
2000°K, w i t h  both  p r o c e s s e s  s i g n i f i c a n t  i n  t h e  t r a n s i t i o n  range  
between t h e  two l i m i t s ,  Th i s  new e v a l u a t i o n  m o d i f i e s  t h e  conven t iona l  
views of r e a c t i o n  o rde r  and a c t i v a t i o n  e n e r g i e s .  

Although o v e r a l l  s u r f a c e  r e a c t i o n  ra tes  have  been 

The p i c t u r e  now developed  i s  t h a t  of 

Zone 111 combustion i s  n o t  encountered . 

I n t r o d u c t i o n  

The dwindl ing  s u p p l i e s  of n a t u r a l  gas  and t h e  p r e d i c t e d  
shor t age  of o i l  have i n i t i a t e d  c o n s i d e r a b l e  r e s e a r c h  concerned 
wi th  t h e  conve r s ion  of c o a l  t o  e a s i l y  u t i l i z a b l e  s y n t h e t i c  gas  
and o i l .  These conve r s ion  p r o c e s s e s  i n e v i t a b l y  y i e l d  a h igh  
p r o p o r t i o n  of r e l a t i v e l y  u n r e a c t i v e  cha r  as a by-product.  I n  
o rde r  t o  r e n d e r  t h e  o v e r a l l  p rocess  economica l ly  v i a b l e ,  t h e  
char  must be r e c o v e r a b l e  as a n  energy  source .  T h i s  n e c e s s i t y  
t o  r e t u r n  t o  c o a l  h a s  reopened t h e  whole f i e l d  of s tudy  on 
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p . f .  combustion t o  r e a n a l y s i s  i n  o rde r  t o  g a i n  deeper  unders tanding  
of several phases  of the g e n e r a l  p rocess  s t i l l  n o t  t o t a l l y  unders tood .  

T h i s  paper w i l l  p rov ide  a c r i t i c a l  e v a l u a t i o n  of t h e  s t a t e  of 
t h e  knowledge on t h e  s u b j e c t  of p . f .  combustion, r ev iewing  a l l  
t h e  p o s s i b l e  mechan i s t i c  p r o c e s s e s  involved  and d i s t i n g u i s h i n g  
between t h o s e  t h a t  are g e n e r a l l y  accepted  by t h e  m a j o r i t y  of 
workers i n  t h e  f i e l d  and t h o s e  t h a t  a r e  s t i l l  q u e s t i o n a b l e ,  e i t h e r  
because of i nadequa te  expe r imen ta l  ev idence  or because  of a rguab le  
t h e o r e t i c a l  i n t e r p r e t a t i o n .  

A t heo ry  cannot  be  a c c e p t a b l e  u n t i l  i t  i s  fo rmula t ed  i n  such  
a manner t h a t  c e r t a i n  d e f i n i t i v e  exper iments  are a b l e  t o  s u b s t a n t i a t e  
i t  o r  d i s p r o v e  i t .  Mere d a t a  g a t h e r i n g  i s  n o t  s u f f i c i e n t ;  t h e  d a t a  
m u s t  b e  used t o  t h e  f u l l e s t  e x t e n t  t o  p o s i t i v e l y  i d e n t i f y  t h e  
proposed mechanisms. Can c e r t a i n  e l u s i v e  q u e s t i o n s  concern ing  t h e  
mechanisms of p . f .  combustion b e  answered by r e a n a l y s i s  of  e x i s t i n g  
d a t a ?  An a t t empt  t o  answer t h i s  h a s  been made by a r e a n a l y s i s  of 
ra te  d a t a  f o r  t h e  combustion of  a s i z e  graded  cha r  (1 ) .  Neve r the l e s s ,  
t h e  t o t a l  p rocess  is s t i l l  n o t  f u l l y  comprehended. D i f f e r e n c e s  
i n  op in ion  on many of t h e  i s s u e s  involved  are converg ing  t o  agreement,  
bu t  ou t s t and ing  q u e s t i o n s  s t i l l  need answers backed up w i t h  t h e  
necessa ry  exper imenta l  d a t a  and  theo ry .  Even w i t h  t h e  much less 
compl ica ted  r e a c t i o n  of t h e  p u r e s t  carbon w i t h  oxygen, which 
has  been i n v e s t i g a t e d  f o r  many y e a r s ,  t h e r e  a r e  s t i l l  many unknowns. 
The c o a l  system i s  much more complex, i nvo lv ing  i n  many cases 
s imul taneous  mechanisms and g r e a t  advances i n  comprehending t h e  
p rocess  have a l r e a d y  been made. Hopefu l ly ,  by i s o l a t i n g  t h e  
unknown from t h e  known, and by c a r e f u l l y  des ign ing  exper iments  
t o  t es t  d i s p u t a b l e  p o i n t s ,  an even  f i n e r  comprehension of t h e  
p rocesses  involved  i n  t h e  combustion of p . f .  w i l l  be  o b t a i n e d .  

From a macroscopic v i ewpo in t ,  t h e  combustion of p . f .  p a r t i c l e s  
can b e  broken down i n t o  two main p rocesses :  ( i )  p y r o l y s i s  of 
v o l a t i l e s  and t h e i r  subsequent  combustion, and ( i i )  he te rogeneous  
combustion of t h e  s o l i d  r e s i d u e .  These two p r o c e s s e s  w i l l  be  
d e a l t  w i t h  s e p a r a t e l y  i n  s p i t e  of t h e  f r e q u e n t  o v e r l a p  of t h e  
v o l a t i l e  and he terogeneous  r eg imes .  

The fo l lowing  t o p i c s  and t h e  degree  t o  which they  a r e  c u r r e n t l y  
unders tood  w i l l  be d i s c u s s e d :  

(1) E f f e c t  of t empera tu re ,  t i m e  h i s t o r y ,  rate of h e a t i n g  and 
environment on t h e  e v o l u t i o n  of v o l a t i l e  matter. 

( 2 )  The tempora l  sequence  of d e v o l a t i l i z a t i o n  and he terogeneous  
combus t i o n .  

(3)  Reac t ion  o r d e r  i n  o x i d a n t  and a c t i v a t i o n  e n e r g i e s  i n  
he te rogeneous  combustion. 

( 4 )  The r e l a t i v e  impor t ance  of chemisorp t ion  and d e s o r p t i o n  
c o n t r o l .  

(5) P a r t i c l e  s i z e  dependence of combustion c h a r a c t e r i s t i c s .  
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(6) Change i n  t o t a l  a v a i l a b l e  s u r f a c e  a r e a  du r ing  combustion: 

(7 )  Relative impor tance  of mass t r a n s f e r  and chemica l  c o n t r o l .  

(8) Di sc repanc ie s  between t h e  i n t e r p r e t a t i o n  of  a v a i l a b l e  
k i n e t i c  d a t a  on t h e  combustion of char  p a r t i c l e s .  

(9)  E f f e c t  of i n t e r n a l  d i f f u s i o n  through the porous  s t r u c t u r e  
of p a r t i c l e s .  

combustion p rocess .  

po re  s i z e  d i s t r i b u t i o n  and m o d i f i c a t i o n .  

(10) Real and appa ren t  o r d e r s  and a c t i v a t i o n  e n e r g i e s  i n  t h e  
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P y r o l y s i s  

I n t r o d u c t i o n  

When c o a l  i s  pyro lyzed  t h e  c e n t r a l  mechanism can only  be 
t h e  detachment o r  chemica l  fo rma t ion  of components of a v o l a t i l e  
n a t u r e  t h a t  a r e  then  a b l e  t o  escape from the s o l i d  i n v o l a t i l e  
ma t r ix  under va ry ing  c i r cums tances .  It should  t h e o r e t i c a l l y  
be p o s s i b l e  t o  i s o l a t e  f o u r  regimes f o r  p y r o l y s i s  of c o a l  p a r t i c l e s .  
I f  t h e  v o l a t i l e  components are  a b l e  t o  escape  from t h e  ma t r ix  
as r a p i d l y  a s  they  a r e  formed, t h e  o v e r a l l  r a t e  of t h e  p y r o l y s i s  
w i l l  b e c o n t r o l l e d  by t h e  chemica l  r e a c t i o n  f o r  t h e  v o l a t i l e  fo rma t ion .  
When d i f f u s i o n a l  e scape  of v o l a t i l e s  t a k e s  a f i n i t e  t i m e  which 
i s  long  compared wi th  t h e  r e a c t i o n  t ime ,  t h e  d i f f u s i o n  p rocess  
w i l l  de te rmine  t h e  p y r o l y s i s  r a t e .  For l a r g e r  p a r t i c l e  s i z e s  o r  
h ighe r  h e a t i n g  r a t e s , s o  t h a t  a tempera ture  g r a d i e n t  i s  gene ra t ed  
w i t h i n  t h e  p a r t i c l e ,  t h e  c o n d i t i o n  f o r  a p y r o l y s i s  wave can be  
ob ta ined .  Here p y r o l y s i s  w i l l  occur  i n  a zone wi th  unreac ted  
m a t e r i a l  on t h e  one s i d e  and d e v o l a t i l i z e d  char  on t h e  o t h e r .  
The p y r o l y s i s  rate i s  then  de termined  by the ra te  of h e a t  i n p u t  
i n t o  t h e  i n t e r i o r  of t h e  p a r t i c l e  and not  by t h e  r e a c t i o n  r a t e  
o r  t h e  d i f f u s i o n a l  escape .  A t  even h ighe r  h e a t i n g  r a t e s ,  h e a t  
r eaches  t h e  p y r o l y s i s  s i tes f a s t e r  t han  i t  can b e  u t i l i z e d  and 
t h e  tempera ture  r i s e s  r a p i d l y  and t h e  p y r o l y s i s  becomes r e a c t i v i t y  
c o n t r o l l e d  once more. I n  t h e  l i m i t  t h e  p a r t i c l e  could t h e o r e t i c a l l y  
r each  such  a tempera ture  t h a t  par t ic le  burn  out  could  b e  complete 
b e f o r e  any s i g n i f i c a n t  p y r o l y s i s  had t i m e  t o  occur .  Such a s i t u a t i o n  
i s  be l i eved  t o  occur  i n  t h e  e x p l o s i o n  f lame system. 

I n  t h e  p a s t  i t  h a s  been g e n e r a l l y  assumed t h a t  i n  p u l v e r i z e d  
c o a l  f lames  p a r t i c l e  p y r o l y s i s  proceeds  he te rogeneous  carbon 
burn ou t  and t h a t  i g n i t i o n  o c c u r s  i n  t h e  v o l a t i l e s ,  however 
t h e r e  i s  some evidence  (2 )  t o  modify t h i s  s imple  concept  and t h e i r  
conc lus ion  i s  t h a t  t h e r e  i s  p a r a l l e l  p y r o l y s i s  and he terogeneous  
combustion i n  t h e  flame and t h a t  t h e  i g n i t i o n  i t s e l f  was he te rogeneous  
i n  o r i g i n .  

It  h a s  been customary t o  c l a s s i f y  c o a l  by means of t h e  proximate  
a n a l y s i s  t es t  wherein t h e  c o a l  i s  d e v o l a t i l i z e d  i n  a c r u c i b l e  under 
s p e c i f i e d  c o n d i t i o n s  of sample s i z e ,  t empera tu re ,  and d u r a t i o n  of 
decomposi t ion .  Coal h a s  long  been cons ide red  t o  b e  made up of 
f i x e d  amounts of v o l a t i l e  m a t t e r  and i n v o l a t i l e  " f ixed  carbon" 
( 3 ) ,  ( 4 1 ,  and t h e  proximate  t e s t  c a t e g o r i z e s  t h e  c o a l s  i n  terms 
of pe rcen tages  of f i x e d  ca rbon ,  v o l a t i l e  matter and ash  on a 
dry  b a s i s .  Th i s  test p rocedure  i s  an  example of a medium r a t e  of 
c a r b o n i z a t i o n .  I n  t h e  p u l v e r i z e d  c o a l  f lame h e a t i n g  r a t e s  may b e  
a s  h igh  as LO4 o r  l o 5  'C/sec . ,  s o  in fo rma t ion  ob ta ined  about  p y r o l y s i s  
from t h e  proximate  a n a l y s i s  tes t  may o r  may not  be  r e l e v a n t  t o  t h e  
s i t u a t i o n  i n  t h e  p .c .  f lame.  Attempts t o  approach  t h e s e  h igh  
h e a t i n g  r a t e s  i n  t h e  s t u d y  of  p y r o l y s i s  and hence more n e a r l y  t o  
approximate  t h e  c o n d i t i o n s  i n  t h e  p . c .  f lame have been made  by 
s e v e r a l  workers .  
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Loison and Chauvin (5 )  devolatilized 50-80 micron coal 
particles on a wire gauze electrically heated to 1000°C (heating 
rate = 1500 'C/sec.) and found that the yeild of volatiles 
produced was often greater than the yield of volatiles obtained 
by the proximate test. They also noted changes in the composition 
of the volatile products, obtaining a higher ratio of tars to 
gas at the higher heating rates. 

Badzioch and Hawksley ( 6 )  designed an apparatus not only to 
approximate the heating rates in a p.c. system but also to approximate 
the environment of pyrolysis in those systems. They used an 
essentially isothermal flow reactor and devolatilized the coal 
particles (size graded) in nitrogen which acted as dilluent and 

. inert atmosphere. They thereby eliminated the complications of 
combustion of volatiles and heterogeneous reaction and concentrated 
only on the pyrolysis process itself. 
in more detail later but the essential results were in agreement 
with Loison and Chauvin, that the weight loss produced was in all 
cases greater than the difference in the proximate volatile yield 
of parent coal and partially pyrolized char. 

Their results will be discussed 

Kimber and Gray (7) using essentially the same apparatus as 
Badzioch and Hawksley also found the weight losses during pyrolysis 
to be considerably greater than the proximate analysis results. 
They pyrolized to much higher temperatures (~1900 "C) and were 
able to obtain their weight losses by direct measurement, whereas 
Badzioch and Hawksley used ash as a tracer. 

Howard and Essenhigh (Z), using a plane flame furnace have 
studied the devolatilization process in conjunction with the 
heterogeneous combustion of carbon and the combustlon of the 
volatiles. On the basis of their results, they have formulated 
an overall picture of the combined process and its temporal sequence, 
this will be discussed later. 

It is thus apparent that the amount of volatiles produced from 
a coal is not a constant quantity but depends to a greater or 
lesser extent on the following factors: 

1) rate of heating 

2)  final decomposition temperature obtained 

3) duration of the decomposition at that temperature 

4 )  the environment under which the coal is devolatilized 

Points of General Agreement 

It is now generally agreed that pyrolysis is an activated process 
and the amount of volatiles produced and their composition will 
depend on the conditions. 
the relatively slow decomposition of particles in a closely packed 

Different results are expected between 
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bed and r a p i d  decomposi t ion o f  p a r t i c l e s  i n  a d i l u t e  s u s p e n s i o n ,  
l i k e  a d u s t  c loud .  I n  t h e  f i r s t  case p y r o l y s i s  p r o d u c t s  have 
t i m e  t o  i n t e r a c t  w i t h  each  o t h e r  and w i t h  o t h e r  p a r t i a l l y  pyro lyzed  
c o a l  p a r t i c l e s  i n  t h e i r  p a s s a g e  through t h e  bed,  w h i l e  i n  t h e  
second c a s e  the v o l a t i l e s  are r a p i d l y  d i l u t e d  i n  a gaseous environment 
which e f f e c t i v e l y  p r e v e n t s  mutua l  and p a r t i c l e  i n t e r a c t i o n s .  

Badzioch and Hawksley ( 6 ) ,  p o s t u l a t e  t h a t  t h e  y i e l d  of v o l a t i l e s  
depends upon t h e  ra te  of h e a t i n g ,  t h e  f i n a l  t empera ture  and t h e  
d u r a t i o n  of h e a t i n g  a t  t h a t  t e m p e r a t u r e ,  and on t h e  d i l u t i o n  e f f e c t .  
They d e v o l a t i l i z e d  t h e  c o a l  a t  s h o r t  h e a t i n g  times a t  e s s e n t i a l l y  
i s o t h e r m a l  c o n d i t i o n s  so t h e y  could n o t  t h e r e f o r e  s u b s t a n t i a t e  t h e  
f i r s t  of t h e i r  p o s t u l a t e s .  However, they  found t h a t  t h e  weight  
Loss between t h e  o r i g i n a l  coal and t h e  char  produced w a s  a lways 
g r e a t e r  t h a n  t h e  change i n  t he  proximate  v o l a t i l e  matter of c o a l  
and c h a r .  T h i s  change i n  v o l a t i l e  matter AV w a s  measured as a 
p e r c e n t a g e  of t h e  o r i g i n a l  d r y  a s h  f r e e  c o a l .  

AV = VMo - R 

where VM 
f r e e  c o a l  and R was t h e  proximate  v o l a t i l e  matter of t h e  char  
produced expressed  as a pe rcen tage  of t h e  weight  of t h e  o r i g i n a l  
d r y  a s h  f r e e  c o a l .  

was t h e  proximate  v o l a t i l e  matter of o r i g i n a l  dry  a s h  

The weight  l o s s  w a s  A W  where 

AW = 100 - Y 

and Y w a s  t h e  y i e l d  of char expres sed  as a p e r c e n t a g e  of  o r i g i n a l  
d r y  a s h  f r e e  c o a l .  The expe r imen ta l  c o n d i t i o n s  d i d  n o t  a l low them 
t o  d i r e c t l y  weigh t h e  c h a r  produced so they  assumed t h a t  no a s h  would 
be l o s t  d u r i n g  t h e  decomposi t ion  p r o c e s s  and t h u s  could be used as 
a t racer .  They showed the  c o r r e l a t i o n  between AW and AV t o  b e  l i n e a r  
b u t  t h e  r e g r e s s i o n  l i n e  d i d  n o t  p a s s  through t h e  o r i g i n .  T h i s  
a p p a r e n t  anomaly i s  d i s c u s s e d  l a t e r .  The c o n s t a n t  of p r o p o r t i o n a l i t y  
was termed Q s o  t h a t  

AW = Q AV 

Kimber and Gray ( 7 ) ,  a l s o  found Q f a c t o r s  f o r  t h e  c o a l s  
s t u d i e d  t o  b e  g r e a t e r  t h a n  o n e .  They found t h a t  t h e  d e v o l a t i l i z a t i o n  
a t  h i g h e r  h e a t i n g  ra tes  appeared  t o  b e  a two s t a g e  p r e c e s s ;  t h a t  
t h e  amount of weight  l o s s  i n c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  ra te  
a l though t h e y  admi t ted  that  a t  s h o r t  h e a t i n g  t i m e s  t h e  e f f e c t s  of 
ra te  of h e a t i n g  and f i n a l  t e m p e r a t u r e  could  n o t  be i s o l a t e d ;  t h a t  
t h e  amount of weight  l o s s  i n c r e a s e d  w i t h  i n c r e a s e d  t e m p e r a t u r e .  
The i m p o r t a n t  c o n c l u s i o n  of Q f a c t o r s  be ing  g r e a t e r  than  one i s  
t h a t  d u r i n g  p y r o l y s i s  e i t h e r  some of t h e  so  c a l l e d  f i x e d  carbon 
i s  l o s t  as v o l a t i l e  m a t t e r  and t h u s  t h e  q u a n t i t y  of f i x e d  carbon 
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determined by proximate a n a l y s i s  d e c r e a s e s ,  o r  that  t h e  proximate 
tes t  f a i l s  t o  show a l l  of t h e  p o s s i b l e  v o l a t i l e  matter and t h a t  
some p o r t i o n  of i t  i s  somehow cap tu red  o r  o the rwise  a l t e r e d  by 
t h e  c o a l  du r ing  t h e  c a r b o n i z a t i o n .  

P o i n t s  of Disagreement 

Although it  is  accep ted  t h a t  AW i s  no t  e q u a l  t o  AV, t h e  r easons  
f o r  t h i s  i n e q u a l i t y  are n o t  f u l l y  agreed  upon. 

The phenomena can b e  caused by one o r  a combination of t h e  
fo l lowing:  

1 )  ra te  of a t t a inmen t  of f i n a l  p y r o l y s i s  tempera ture  

I 2 )  v a l u e  of f i n a l  t empera ture  and d u r a t i o n  of t h e  p rocess  

3)  d e v o l a t i l i z a t i o n  environment 

Badzioch and Hawksley (6),  c la im t h a t  t h e  mechanism and t h e  
amount of decomposition depends on t h e  ra te  of h e a t i n g .  However, 
i n  t h e  a n a l y s i s  of t h e i r  d a t a  they  s u b t r a c t  ou t  t h e  c o r r e c t i o n  f o r  
t h e  h e a t i n g  s t a g e  of t h e  p a r t i c l e s  a rgu ing  t h a t  s i n c e  t h e  rate of 
decomposition i s  s e n s i t i v e  t o  t empera tu re  t h e  amount of decomposi t ion  
t h a t  occu r s  du r ing  t h e  h e a t i n g  s t a g e  i s  n e g l i g i b l e ,  s o  a c t u a l l y  
they  obse rve  weight  l o s s e s  f o r  i so the rma l  c o n d i t i o n s .  Howard and 
Essenhigh (2), claim t h a t  t h e  amount of v o l a t i l e s  produced depends 
on t h e  f i n a l  t empera tu re ,  t h e  d u r a t i o n  of t h e  p rocess  and t h e  p a r t i c l e  
s i z e ,  i . e . ,  when a par t ic le  i s  l a r g e  enough . to  s u s t a i n  a t empera tu rq  
g r a d i e n t  w i t h i n  i t .  They do n o t  s p e c i f y  t h e  p o s s i b l e  e f f e c t s  of t h e  
environment of p y r o l y s i s ,  y e t  t hey  do warn t h a t  c o n s i d e r a b l e  d i s c r e t i o n  
must accompany t h e  u s e  of expe r imen ta l  r e s u l t s  o b t a i n e d  under c o n d i t i o n s  
d i f f e r i n g  markedly from those  of t h e  a p p l i c a t i o n .  P re l imina ry  
r e s u l t s  ob ta ined  i n  t h i s  l a b o r a t o r y  on t h e  e f f e c t s  of markedly 
d i f f e r e n t  rates of h e a t i n g  on  t h e  amount of v o l a t i l e  matter produced 
are d i scussed  l a t e r .  

Badzioch and Hawksley (6), i n f e r  from t h e i r  exper imenta l  d a t a  
t h a t  t h e  v a r i a t i o n  of v o l a t i l e  matter w i t h  t ime f o r  i s o t h e r m a l  c o n d i t i o n s  
may be e x p o n e n t i a l  and they  expres sed  t h e  f r a c t i o n a l  v o l a t i l e  change 
i n  t h e  form: 

AV/VMo = ( 1  - C ) [ 1  - exp(-k-r)] 

For decomposition t empera tu re  >900°C t h e  proximate  v o l a t i l e  m a t t e r  
of t h e  cha r  had a lmost  reached  a c o n s t a n t  v a l u e  i n  t h e  100 mi l l i s econd  
p y r o l y s i s  t i m e  cons idered  (8) .  Kimber and Gray found t h a t  f o r  decomposition 
tempera tures  above 1000°C t h e  weight  l o s s  w a s  even h i g h e r  and a t  1900°C 
t h e  r e s i d u a l  proximate  v o l a t i l e  matter i n  t h e  c h a r  approached z e r o .  
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The environment of p y r o l y s i s  e f f e c t  h a s  been d i scussed  ear l ier  
and i t  i s  agreed  t h a t  t h e  p h y s i c a l  cond i t ions  under which t h e  
decomposition occur s  does  indeed  a f f e c t  t h e  v o l a t i l e  y i e l d .  However, 
t h e  re la t ive impor tance  of t h i s  e f f e c t  over and above the o t h e r  f a c t o r s  
h a s  never  been s a t i s f a c t o r i l y  demonst ra ted .  Recent r e s u l t s  ob ta ined  
i n  t h i s  l a b o r a t o r y  shed  more l i g h t  on the q u a n t i t a t i v e  s i g n i f i c a n c e  
of t h e  e f f e c t  and are d i s c u s s e d  below. 

Attempted C l a r i f i c a t i o n  of  Disputed  I s s u e s  

Badzioch and Hawksley ( 6 ) ,  found t h a t  t h e  r e g r e s s i o n  l i n e  on 
t h e i r  p l o t  of AW a g a i n s t  AV d i d  n o t  p a s s  through t h e  o r i g i n  and 
d i smis sed  t h i s  as an  a r t i f ac t  they  thought was caused  by a l o s s  
of a s h ;  however, ano the r  e x p l a n a t i o n  could  e x p l a i n  t h e  e f f e c t .  
The s l o p e  of t h i s  p l o t  AW/AV w a s  termed Q and r e p r e s e n t e d  a c o r r e c t i o n  
f a c t o r  proposed t o  accoun t  f o r  t h e  f a c t  t h a t  a c t u a l  weight  loss  
i n c u r r e d  du r ing  p y r o l y s i s  under certain c o n d i t i o n s  f o r  a c o a l  
cou ld  b e  d i f f e r e n t  from t h a t  measured by t h e  change i n  v o l a t i l e s  i n  
t h e  proximate  a n a l y s i s  p rocedure .  Dryden ( 9 ) ,  has  d i scussed  t h e  poss i -  
b i l i t y  t h a t  v o l a t i l e s  cou ld  b e  en t r apped  o r  c racked  w i t h i n  t h e  
i n t e r s t i c e s  and p o r e s  of t h e  c o a l  p a r t i c l e s a n d  t h i s  could  be 
r e s p o n s i b l e  f o r  a lower y i e l d  of v o l a t i l e s  than  would have  been 
o b t a i n e d  w i t h  f i n e r  p a r t i c l e s  o r  w i t h  a t h i n n e r  bed or maybe 
w i t h  ambient sweep g a s  t o  remove t h e  v o l a t i l e  components r a p i d l y  
from t h e  v i c i n i t y  of  t h e  py ro lyz ing  p a r t i c l e s .  
example of t h i s  l a t t e r  c a s e  i s , o f  cour se ,  t h e  p y r o l y s i s  environment 
produced i n  t h e  Badzioch and Hawksley exper iments .  

The extreme 

The r eason  f o r  t h e  Q f a c t o r  be ing  g r e a t e r  than  u n i t y  would seem 
t h e r e f o r e  t o  b e  e i t h e r  the  e l i m i n a t i o n  of t h e s e  en t r apmen t s ,  c r ack ing  
and back o r  s i d e  r e a c t i o n s  u r  t h e  a c t u a l  l o s s  of t h e  so c a l l e d  f i x e d  
carbon because  of  c o n d i t i o n s  n o t  r e a l i z e d  i n  t h e  proximate  t es t .  
Of course, both  e f f e c t s  may be  p r e s e n t  t o  va ry ing  degrees  of 
s i g n i f i c a n c e .  

L e t  u s  assume t h e r e  t o  b e  a c a p t u r e  f a c t o r  f o r  t h e  p a r e n t  c o a l  
CY such  t h a t  

where VM i s  t h e  p rox ima te  v o l a t i l e  matter of t h e  o r i g i n a l  coal 
'and VM c: i s  t h e  "real" v o l a t i l e  matter of t h e  o r i g i n a l  c o a l  and 
a i s  tge f r a c t i o n  of t h e  v o l a t i l e  matter t h a t  i s  cap tu red  o r  o the rwise  
l o s t  du r ing  the proximate  a n a l y s i s  procedure .  

Then t h e  weight  l o s s  i s  

R 
- -  mO AW = - 

1 - C Y  1 - B  
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I 

where R i s  ( a s  d e f i n e d  by Badzioch and Hawksley) t h e  proximate  
v o l a t i l e  matter of t h e  cha r  and B is t h e  c a p t u r e  f a c t o r  f o r  t h e  
cha r ,  which because  of p a r t i a l  d e v o l a t i l i z a t i o n  and p h y s i c a l  changes 
i n  n a t u r e  i s  assumed t o  be  d i f f e r e n t  from t h a t  of t h e  p a r e n t  c o a l .  

AV - VMo - R by d e f i n i t i o n  

. A V + R  R t h u s  A W z  - - -  
1 - a  1 - B  

and 

I 

I 

1' 

8' 

But R is no t  a c o n s t a n t  s o  w e  s u b s t i t u t e  (VM - AV) f o r  R i n  t h e  
above ; t h u s  0 

AV a - 8  
Aw - 1 - 6 '  + v'o [ ( l  - a ) ( l  - 6 ) l  

t h u s  AW = QAV - Q ( 6  - a)VMo/(l - a )  

This r e p r e s e n t s  t h e  e q u a t i o n  of a s t r a i g h t  l i n e  w i t h  s l o p e  1/(1 - 6 )  
and i n t e r c e p t  Q ( 6  - a) VMo/(l - a ) .  

When AW = 0, AV = VM ( 6  - a ) / ( l  - a )  
0 

and if B> a ,  then  hV>O 

When AV = 0, AW = QVM (a  - B ) / ( l  - a )  

and i f  B>a, then  hW<O 

Although t h i s  adequa te ly  e x p l a i n s  t h e  i n t e r c e p t  ob ta ined  on 
t he  AW a g a i n s t  AV p l o t ,  i t  was necessa ry  t o  de t e rmine  t h e  expected 
magnitude of a c a p t u r e  f a c t o r  e f f e c t  i n  t h e  proximate  a n a l y s i s  
t es t ,  so a series of exper iments  were performed i n  t h i s  l a b o r a t o r y ,  
whereby t h e  pe rcen tage  weight  l o s s  ob ta ined  i n  t h e  test  was p l o t t e d  
as a f u n c t i o n  of t h e  d e p t h  of c o a l  ( p r o p o r t i o n a l  t o  weight )  i n  t h e  
c r u c i b l e .  The exper iments  were c a r r i e d  o u t  t o  t h e  e x a c t  s p e c i f i c a t i o n s  
of t h e  ASTM tes t  p rocedure  a p a r t  from t h e  v a r i a t i o n  i n  t h e  q u a n t i t i e s  
of c o a l  used. The r e s u l t s  ob ta ined  are shown g r a p h i c a l l y  i n  F i g u r e  I .  
I t  can be seen  t h a t  t h e r e  is a s i g n i f i c a n t  e f f e c t  t h a t  can be 
a t t r i b u t e d  t o  a c a p t u r e  f a c t o r ,  y e t  t h e  e f f e c t  is  n o t  of s u f f i c i e n t  
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magnitude by i t s e l f  t o  e x p l a i n  a Q f a c t o r  a s  h igh  as 1 . 5  o r , 1 . 8 .  
The e f f e c t  shown is  of t h e  o rde r  of 10  p e r c e n t .  For a Q f a c t o r  
of 1.5 the e f f e c t  would have  t o  be  on t h e  o rde r  of 30 p e r c e n t .  
Thus a l though  v o l a t i l e  c a p t u r e  does  a p p a r e n t l y  occur  i n  t h e  
proximate  t e s t ,  t h e  e f f e c t  i s  n o t  l a r g e  enough t o  cause  t h e  
d i f f e r e n c e  between AW and  AV produced i n  t h e  Badzioch and Hawksley, 
and Kimber and Gray exper iments .  The o n l y  o t h e r  e x p l a n a t i o n  i s  
t h a t  some of t h e  " f ixed  carbon' '  i s  a c t u a l l y  l o s t  d u r i n g  t h e  . 
d e v o l a t i l i z a t i o n  produced under t h e  c o n d i t i o n s  of t h e i r  exper iments .  
This a lmost  c e r t a i n l y  means t h a t  a s i m i l a r  p r o c e s s  i s  occur r ing  
i n  p . c .  sys tems.  

In  F i g u r e  I t h e  s q u a r e s  r e p r e s e n t  p y r o l y s i s  a t  120OoC and 
t h e r e  i s  no d i f f e r e n c e  i n  pe rcen tage  weight  l o s s  than  a t  95OoC. 
The lower poin tsshow d e v o l a t i l i z a t i o n  under c o n d i t i o n s  of ve ry  
slow rates of h e a t i n g ,  approximate ly  20-30°C/minute. There is  a 
s i g n i f i c a n t  lower ing  of p e r c e n t a g e  weight l o s s  under t h e s e  c o n d i t i o n s  
which s u g g e s t s  t h a t  t h e  r a t e  of h e a t i n g  does have a n  e f f e c t  upon 
t h e  q u a n t i t y  of v o l a t i l e s  produced. 

A s  an e x t e n s i o n  t o  t h e  two component h y p o t h e s i s  of c o a l ,  
i t  appea r s  as i f  t h e r e  is a t r a n s i t i o n a l  component between 
t h e  f i x e d  carbon and t h e  v o l a t i l e  component p a r t s  which may become 
v o l a t i l e  o r  i n v o l a t i l e  depending on t h e  c o n d i t i o n s  of decomposition. 
I f  t h e  p y r o l y s i s  i s  r a p i d  t h e  the rma l  energy f l u x  is  h igh  enough t o  
promote a s u b s t a n t i a l  p o r t i o n  of t h e  t r a n s i t i o n a l  component t o  t h e  
vapor  phase .  With s low decomposi t ion ,  p r e f e r e n t i a l  po lymer i za t ion  
occur s  w i t h  the e v o l u t i o n  of a smaller p r o p o r t i o n  of v o l a t i l e  m a t t e r ,  
t h e  remainder adding  to t h e  f i x e d  carbon.  Th i s  t h r e e  component 
h y p o t h e s i s  of c o a l  seems t o  be  w e l l  suppor ted  from t h e  exper imenta l  
ev idence  quoted i n  t h i s  p a p e r .  

Remaining Ques t ions  

A knowledge of the p r o c e s s e s  o c c u r r i n g  du r ing  p y r o l y s i s  of 
c o a l  is r e q u i r e d  f o r  unde r s t and ing  t h e  combustion of c o a l  p a r t i c l e s  
i n  p.c. f l ames ,  and t h e  way i n  which t h e  p y r o l y s i s  r e s u l t s  are use.d i n  
c a l c u l a t i o n s  of p . c .  sys t ems  w i l l  depend on j u s t  when and i n  what 
o r d e r  p y r o l y s i s  and he terogeneous  combustion occur .  
Howard ( Z ) ,  s u g g e s t  t h a t  t h e  he te rogeneous  combustion and p y r o l y d s  
occur  s imul t aneous ly  i n  t h e  p l a n e  f l ame  sys tem,  b u t  the complex i t i e s  
of s tudy ing  bo th  combustion and decomposition t o g e t h e r  make such 
conc lus ions  ex t remely  d i f f i c u l t  t o  e s t a b l i s h .  

Essenhigh and 

Although i t  i s  accep ted  t h a t  p y r o l y s i s  i s  an  a c t i v a t e d  p rocess ,  
v a l u e s  f o r  a c t i v a t i o n  e n e r g i e s  are v a r i e d .  J u n t g e n ' s  s t u d i e s  ( l o ) ,  
showed t h a t  t h e  a c t i v a t i o n  e n e r g i e s  f o r  the p r o c e s s e s  could  be 
d i v i d e d  i n t o  two r a n g e s ;  e i t h e r  15  o r  30 kca l /mole  which he i d e n t i f i e d  
as a c t i v a t e d  d i f f u s i o n  and chemica l  decomposition r e s p e c t i v e l y .  
H e  used a n  average  o r  g l o b a l  a c t i v a t i o n  energy concept  i n  h i s  

144 



a n a l y s i s  of t h e  p y r o l y s i s  of c o a l  (11 ) .  
ob ta ined  a n  a c t i v a t i o n  energy of approximate ly  18 kca l /mole  f o r  
a l l  t h e  c o a l s  that  t h e y  s t u d i e d ,  w h i l e  t h e  a c t i v a t i o n  energy  
quoted  by Van Krevelen (12), f o r  c o a l  c a r b o n i z a t i o n  i s  about  56 
kca l /mole .  

Badzioch and Hawksley 

The modes of d e v o l a t i l i z a t i o n  and t h e i r  dependence on p a r t i c l e  
s i z e  are now beginngng , t o  be unders tood ,  and i t  shou ld  now b e  
p o s s i b l e  t o  a s s i g n  l i m i t s  t o  t h e  v a r i o u s  p y r o l y s i s  regimes a l r e a d y  
mentioned. Two models f o r  p y r o l y s i s  are proposed by Essenhigh and 
Howard ( Z ) ,  t h e  f i r s t  assumes d e v o l a t i l i z a t i o n  occur s  uni formly  
throughout t h e  p a r t i c l e ,  s o  t h e  r a t e  of r e a c t i o n  a t  any t ime i.s 
p r o p o r t i o n a l  t o  t h e  mass (o r  volume) of un reac ted  m a t e r i a l  
remain ing  i n  t h e  p a r t i c l e ,  i . e . ,  p y r o l y s i s  i s  a v o l u m e t r i c  r e a c t i o n .  
S ince  t h e  t o t a l  mass of material  is independent  of  t h e  s i z e  of 
p a r t i c l e s  c o n t a i n i n g  i t ,  t h e  model i n d i c a t e s  tha t  p y r o l y s i s  should  
be  independent  of p a r t i c l e  s i z e .  The second model assumes p y r o l y s i s  
t o  occur  i n  a t h i n  zone sur rounding  a c o r e  of undecomposed material, 
h e r e  t h e  mass of v o l a t i l e  matter p r e s e n t  i n  t h e  zone i s  p r o p o r t i o n a l  
t o  t h e  s u r f a c e  area of t h e  p a r t i c l e ,  t h u s  t h e  p y r o l y s i s  should  
show a p a r t i c l e  s i z e  dependence. 
t h e  lat ter model on grounds t h a t :  1) t h e  observed  t i m e  r equ i r ed  
f o r  p y r o l y s i s  was much g r e a t e r  t h a n  t h a t  p r e d i c t e d  from the model 
f o r  bo th  p h y s i c a l  and chemica l  c o n t r o l ,  2 )  t h a t  ev idence  from 
Ishihama (13)  i n d i c a t e d  t h a t  t h e r e  i s  no s i z e  dependence below 
60 microns  d i a m e t e r ,  and 3)  a n  e s t i m a t i o n  of t h e  tempera ture  d i s t r i -  
b u t i o n  i n s i d e  t h e  p a r t i c l e  i n  a f lame i n d i c a t e d  t h a t  t h e  p y r o l y s i s  
could  n o t  be a s u r f a c e  r e a c t i o n  due t o  a t empera tu re  g r a d i e n t  
i n s i d e  t h e  p a r t i c l e  f o r  d i ame te r s  less t h a n  abou t  50 microns .  Thus 
f o r  p a r t i c l e s  smaller than  approximate ly  50 microns ,  the r a t e  of 
p y r o l y s i s  should  become independent  of p a r t i c l e  s i z e  and be  f i r s t  
o rde r  i n  un reac ted  v o l a t i l e  material. 

, 

F o r  t h e  p .c .  sys tem they  e l i m i n a t e d  
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Heterogeneous Combus t i o n  

Genera l ly  Accepted Mechanisms* 

I n  t h e  r e a c t i o n  of a gaseous  component w i th  a s o l i d  s u r f a c e  
i t  is  g e n e r a l l y  ag reed  t h a t  t h e  p r o c e s s  can be d i v i d e d  i n t o  
t h r e e  b a s i c  s t e p s :  

i )  T r a n s f e r  of t h e  gaseous  r e a c t a n t  t o  t h e  s o l i d  s u r f a c e  

i i )  Chemical r e a c t i o n  of g a s  w i t h  t h e  s u r f a c e  

i i i )  D i f fus ion  of t h e  p r o d u c t s  of t h e  r e a c t i o n  away from 
t h e  s u r f a c e  

Cons ider ing  now t h e  carbon oxygen system we  can say t h a t  t h e  
r a t e  of weight  l o s s  of ca rbon  p e r  u n i t  e x t e r n a l  s u r f a c e  area Rt 
i s  g i v e n  by the s o  c a l l e d  " r e s i s t a n c e  equat ion" :  

Here R r e p r e s e n t s  t h e  rate a t  which oxygen molecules  a r e  t r a n s p o r t e d  
a c r o s s  t h e  boundary d i f f u s i o n  l a y e r  t o  t h e  s u r f a c e  where they  immediately 
r e a c t  t o  form p r o d u c t s  and R r e p r e s e n t s  t h e  case  when there is 
no r e s i s t a n c e  t o  t r a n s p o r t  o f  oxygen molecules  t o  t h e  s u r f a c e  bu t  
t h a t  t h e  r e a c t i o n  t a k e s  a f i n i t e  t i m e .  Thus R and Rehem are t h e  
l i m i t i n g  v a l u e s  f o r  mass t r a n s f e r  and chemicalm$eaction. 

m t  

hem 

If t h e  ra te  i s  c o n t r o l l e d  e x c l u s i v e l y  by t h e  mass t r a n s f e r  
p r o c e s s ,  t h i s  i m p l i e s  t h a t  t h e  c o n c e n t r a t i o n  of t h e  o x i d a n t  a t  
t h e  s u r f a c e  i s  e f f e c t i v e l y  z e r o  s o  t h e  p a r t i c l e s  i f  s p h e r i c a l  can 
be t r e a t e d  a s  imperv ious  s p h e r e s ,  no m a t t e r  what t h e i r  i n t e r n a l  
s t r u c t u r e  i s ,  which s h r i n k  from t h e  o u t s i d e  s u r f a c e  inwards as 
t h e  r e a c t i o n  proceeds  a t  c o n s t a n t  d e n s i t y ,  t hus :  

- - =  dm - 4 n r  2 u dr - 4nr 2 R~ 
A = -  d t  

where uA is  t h e  d e n s i t y  and T i s  t h e  burn ing  t i m e  when r = 0 .  

If t h e r e  is t u r b u l e n t  mixing throughout  the system of o x i d a n t  
g a s  and carbon o r  c o a l  p a r t i c l e s  and t h u s  r e l a t i v e  motion between g a s  
and p a r t i c l e s ,  t h e  boundary l a y e r  t h i c k n e s s  can  be  reduced and mass 
t r a n s f e r  a c r o s s  i t  i s  enhanced. It can be shown t h a t  f o r  a r e l a t i v e  
v e l o c i t y  of u ,  t h e  rate of m a s s  t r a n s f e r  i s  g iven  by: 

*The a u t h o r s  of t h i s  paper  are indeb ted  t o  t h e  e x c e l l e n t  review 
a r t i c l e  of Mulcahy and Smith (14) f o r  t h e  f o r m u l a t i o n  of t h i s  s e c t i o n .  
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where N 

number and a ,  b ,  and c are c o n s t a n t s .  By t a k i n g  v a l u e s  f o r  t h e  
c o n s t a n t s  a ,  b y  and c and e v a l u a t i n g  t h e  r a t i o  Rrnt(u>O)/Rmt(u = 0) 
f o r  v a r i o u s  p a r t i c l e  s i z e s  a t  d i f f e r e n t  values of t h e  a c c e l e r a t i o n ,  
t h e  conc lus ion  a r r i v e d  a t  (14) i s  t h a t  i n  t h e  p . f .  s i z e  range  
very  l i t t l e  i n c r e a s e  i n  mass t r a n s f e r  r e s u l t s  even  w i t h  an  a c c e l e r a t i o n  
of 1000 g. I t  i s  t h e n  r easonab le  t o  assume t h a t  p . f .  p a r t i c l e s  are 
e f f e c t i v e l y  s t a t i o n a r y  r e l a t i v e  t o  t h e i r  gaseous  environment.  

i s  t h e  g a s - p a r t i c l e  Reynolds number, NSc is t h e  Schmidt R e  

It i s  then  p e r m i s s i b l e  t o  use  N u s s e l t ' s  (15) t r ea tmen t  f o r  t h e  
c a l c u l a t i o n  of R assuming F i c k ' s  Law of D i f f u s i o n .  The r e s u l t  
of t h i s  treatment is:  

m t  

0.75 
Rmt a 48 (Do(fm/d)Po)(T/To) 132 ( 3 )  

where f is t h e  m a s s  f r a c t i o n  of ox idan t  i n  t h e  bu lk  phase ,  d i s  t h e  
p a r t i c l e  d i ame te r ,  p o  is t h e  gas  d e n s i t y  and T i s  t h e  r e a c t i o n  
t empera tu re ,  t h e  s u b s c r i p t  o r e f e r s  t o  s t a n d a r d  c o n d i t i o n s .  Th i s  
shows tha t  t h e  ra te  i s  p r o p o r t i o n a l  t o  l l d  and h a s  a s m a l l  t empera ture  
c o e f f i c i e n t .  The d e r i v a t i o n  of the above assumes t h a t  one oxygen 
molecule l i b e r a t e s  two carbon atoms as CO. I f  account  i s  taken  of 
S te fan  f low (16) , (17)  t h e  above e x p r e s s i o n  is modi f i f ed  t o :  

m 

Rmt = -48 [ (D,/d)po(T/T,,j0~75 l n ( l - y f & / y ] / 3 2  ( 4 )  

Since  this  equa t ion  shows t h a t  t h e  rate of mass t r a n s f e r  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  the p a r t i c l e  d i a m e t e r ,  as d becomes s m a l l  
enough R w i l l  become l a r g e  s o  t h a t  below a c e r t a i n  p a r t i c l e  s i z e  

" Rmt 
R m t  chem' 
w i l l  become t h e  rate c o n t r o l l i n g  p r o c e s s .  We can  then  e l a b o r a t e  
upon p o i n t  ( i i )  above and d i f f e r e n t i a t e  between t h e  p r o c e s s  of 
chemisorp t ion  and d e s o r p t i o n ,  e i ther  one of which can be  t h e  rate 
c o n t r o l l i n g  s t e p .  

When t h i s  c o n d i t i o n  i s  m e t  t h e  chemical r e a c t i o n  ra te  

Expres s ions  f o r  t h e  maximum rates  of chemiso rp t ion  and deso rp t ion  
i n  g a s / s o l i d  systems have been d e r i v e d  (181, (19) and are: 

f o r  chemisorp t ion  ( a d s o r p t i o n )  

I 

Y 

where E is t h e  a c t i v a t i o n  energy  f o r  chemiso rp t ion .  This  rate 
is  seen t o  b e  f i r s t  o r d e r  i n  oxygen c o n c e n t r a t i o n .  

a d s  
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f o r  d e s o r p t i o n  (from a b s o l u t e  ra te  theo ry  ( 7 ) )  

) o r  R = [ (lZRTCs)/ (N h )  1 exp  (-EdeslRT 
2 

g m / c m 2  sec. (7 )  chem d e s  

where C = number of carbon atoms/cm2 of g r a p h i t e  l a t t i ce  

k = t r ansmiss ion  c o e f f i c i e n t  

kB  = Boltzmann c o n s t a n t  

f+ ,  f a r e  p a r t i t i o n  f u n c t i o n s  

Edes 
is t h e  a c t i v a t i o n  energy f o r  d e s o r p t i o n  

I n  t h i s  ca se ,  t h e  ra te  i s  s e e n  t o  be independent  of oxygen c o n c e n t r a t i o n ,  
i .e . ,  ze ro  o rde r  i n  oxygen. 

The t r a n s i t i o n  be tween a system whose rate is  c o n t r o l l e d  by 
chemica l  r e a c t i o n  t o  one whose r a t e  i s  c o n t r o l l e d  by m a s s  t r a n s f e r  
i s  o f t e n  d e p i c t e d  on an i d e a l i z e d  Arrhenius  diagram as shown i n  
F ig .  11. For  a f i x e d  p a r t i c l e  s i z e  as t h e  t empera tu re  i s  i n c r e a s e d  
t h e  rate of t h e  chemical r e a c t i o n  w i l l  i n c r e a s e  much f a s t e r  t h a n  t h e  
r a t e  of mass t r a n s f e r  u n t i l  above a c r i t i ca l  t empera tu re  T t h e  mass 
t r a n s f e r  l i m i t s  t h e  o v e r a l l  r a te  of t h e  r e a c t i o n .  
a t  which t h i s  t r a n s i t i o n  o c c u r s  depends on p a r t i c l e  s i z e  s i n c e  R 
i s  p r o p o r t i o n a l  t o  l / d  w h i l e  Rch 
d i ame te r .  
of T t h a t  would ho ld  f o r  a 40 micron p a r t i c l e . i f  t h e  chemica l  
rate'was c a l c u l a t e d  from e q u a t i o n s  5 and 7 and t h e  mass t r a n s f e r  
ra te  w a s  g iven  by e q u a t i o n  4. However, t h e  assumpt ions  they  had 
t o  make i n  o rde r  t o  e v a l u a t e  t h e s e  rates from t h e  e q u a t i o n s ,  e s p e c i a l l y  
f o r  t h e  d e s o r p t i o n  r a t e  are probably  u n r e a l i s t i c  s o  t h a t  any conclus ions  
ob ta ined  from t h i s  i d e a l  a n a l y s i s  should  be used  c a u t i o u s l y .  
Neve r the l e s s  t h e i r  c o n c l u s i o n  i s  t h a t  i f  E >5 kca l lmole ,  combustion 
a t  a tmospher ic  p r e s s u r e  of ' v i r t u a l l y  a l l  p a r t i c l e s  i n  t h e  p . f .  r ange  
w i l l  be  chemica l ly  c o n t r o l l e d .  

The t emse ra tu re  

m t  i s  independent  of t h e  p a r t i c l e  
Mulcahy and Smith (147 a t tempted  t o  estimate t h e  v a l u e  

ads  

A f t e r  N u s s e l t ' s  work i t  was g e n e r a l l y  assumed t h a t  t h e  r a t e  
of mass t r a n s f e r  t o  a p a r t i c l e  could  be a u t o m a t i c a l l y  equated  
t o  t h e  rate of combustion, b u t  H o t t e l  and S t e w a r t  (21) found 
ev idence  of chemica l  ra te  c o n t r o l  i n  a r e a n a l y s i s  t hey  performed 
on some e x i s t i n g  d a t a .  Essenhigh (22) and Essenhigh and Beer (23 )  
found s t r o n g  ev idence  of chemica l  rate c o n t r o l  from t h e i r  expe r imen ta l  
d a t a  and subsequent  worke r s  (24 ) ,  (25) have suppor t ed  t h e s e  conc lus ions .  
Mulcahy and Smith (14) have  p l o t t e d  r a t e  d a t a  d e r i v e d  from i n v e s t i g a t i o n s  
on t h e  combustion of a n t h r a c i t e s ,  bituminous c o a l s ,  s o o t s ,  c h a r c o a l s  
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and bu lk  g r a p h i t e s  on  a n  Arrhenius  diagram. They have p l o t t e d  
on t h e  same diagram t h e  t h e o r e t i c a l  l i n e  f o r  mass t r a n s f e r  t o  
a 40 micron p a r t i c l e  and a l though t h e  p l o t t e d  rates are cons ide rab ly  
s c a t t e r e d ,  t hey  are a l l  less than  t h e  rate of t h i s  mass t r a n s f e r  
t o  a 40 micron p a r t i c l e .  Also the s t r o n g  dependence of t h e  rate 
on t h e  f u e l  t y p e  i s  ve ry  i n d i c a t i v e  of chemica l  c o n t r o l .  A l l  t h i s  
ev idence  t e n d s  t o  s t r o n g l y  imply that  chemica l  c o n t r o l  i s  o p e r a t i v e  
i n  the  combustion of p . f .  s i z e d  p a r t i c l e s  a t  a tmosphe r i c  p r e s s u r e .  

In the above d i s c u s s i o n  we have  been i m p l i c i t l y  cons ide r ing  
t h e  p a r t i c l e s  t o  be impervious and that  they  b u r n  a t  cons t an t  
d e n s i t y  as p r o g r e s s i v e l y  s h r i n k i n g  sphe res .  Although t h i s  i s  
impl ied  it i n  no way changes t h e  q u a l i t a t i v e  conc lus ions  t h a t  have 
been a r r i v e d  a t .  However, i n  o rde r  t o  s tudy  p r a c t i c a l  systems 
of combusting p a r t i c l e s ,  we  must r e a l i z e  t h a t  t h i s  s imple  model 
i s  o f t e n  i n c o r r e c t ,  The v a r i a t i o n  i n  chemica l  r e a c t i v i t y  of a 
p a r t i c l e  can depend on t h e  i n t r i n s i c  chemical n a t u r e  of t h e  
m a t e r i a l  o r  on t h e  p h y s i c a l  s t r u c t u r e  of t h e  ma te r i a l .  
l i k e l y  f a c t o r  de te rmining  t h e  r e a c t i v i t y  is  t h e  t o t a l  s u r f a c e  
area a v a i l a b l e  t o  t h e  o x i d a n t ,  t h i s  i n  t u r n  depends on t h e  roughness 
of t h e  s u r f a c e  and t h e  p o r o s i t y  of t h e  p a r t i c l e ,  i . e . ,  on t h e  
i n t e r n a l  s t r u c t u r e  and e x t e n t  of micro ,  t r a n s i t i o n a l  and macropores. 
When the p a r t i c l e  is porous and o x i d a n t  can p e n e t r a t e  i n t o  t h e  
i n t e r i o r ,  t h e  po re  s t r u c t u r e  i s  modi f ied  d u r i n g  the r e a c t i o n  as 
t h e  walls of t h e  po res  are themselves consumed dur ing  t h e  combustion 
p rocess .  It might b e  expec ted  t h a t  t h e  rate of o x i d a t i o n  would 
i n c r e a s e  from low t o  50 pe rcen t  bu rn  o f f  as the a c c e s s i b i l i t y  of 
s u r f a c e  i n c r e a s e s ,  and then  d e c r e a s e  as po res  c o a l e s c e  and reduce 
t h e  t o t a l  i n t e r n a l  s u r f a c e  a r e a .  Microscopic  and photographic  
examination of c o a l s  and c h a r s  du r ing  v a r i o u s  c o n d i t i o n s  of h e a t i n g  
and combustion have been undertaken (26 ) - (32 )  and i n  some cases  
combustion has  been observed t o  occur  i n  t h e  p o r e s .  
conc lus ion  from t h i s  is t h a t  t h e  e f f e c t  of p o r o s i t y  w i t h  t h e  
p o s s i b i l i t y  of i n t e r n a l  burn ing  must be  cons ide red  i n  any d i s c u s s i o n  
of combustion p rocesses  of p . f .  p a r t i c l e s .  

The most 

The only 

The schemat i c  Arrhenius  p l o t  of F ig .  I11 shows t h e  case  f o r  
an impervious s p h e r e  as w e l l  as the c a s e  f o r  a p o r o u s p a r t i c l e .  
Th i s  l a t t e r  case shows t h r e e  regimes which are now b r i e f l y  d i scussed .  

I n  zone I t h e  ox idan t  c o n c e n t r a t i o n  is  the same throughout  
t h e  p a r t i c l e  and equa l  t o  t h a t  of t h e  b u l k  phase .  The r e a c t i o n  
r a t e  p e r  u n i t  t o t a l  s u r f a c e  a r e a  i s  

= A cn exp (-E/RT) Rchem, t o t  

where n and E are t h e  t r u e  o r d e r  and a c t i v a t i o n  energy f o r  t h e  
r e a c t i o n .  

I 

Y 
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I n  zone I1 t h e  c o n c e n t r a t i o n  of ox idan t  w i t h i n  t h e  porous 
s t r u c t u r e  i s  not  c o n s t a n t  b u t  v a r i e s  from e f f e c t i v e l y  ze ro  a t  t h e  
c e n t e r  of t h e  p a r t i c l e  t o  t h e  bu lk  phase  v a l u e  a t  t h e  p e r i p h e r y .  
Thus t h e  ra te  of r e a c t i o n  is i n  p a r t  determined by t h e  i n t e r n a l  
d i f f u s i o n  of ox idan t  th rough t h e  porous s t r u c t u r e  ( 3 3 ) .  The 
ra te  of r e a c t i o n  i s  t h e n  g i v e n  by (14):  

-1 1 / 2  = 2Nar [ ( r  D ACn+l exp (-E/RT)) (n+l) ] 
Rchem P P P  

The apparent  o r d e r  i s  t h e n  (n+1)/2 where n i s  t h e  t r u e  o r d e r  and 
t h e  appa ren t  a c t i v a t i o n  energy  becomes E l 2  where E is t h e  a c t i v a t i o n  
energy  i n  zone I ,  s i n c e  b o t h  e x p r e s s i o n s  appear under t h e  squa re  
r o o t  s i g n  i n  t h e  ra te  e q u a t i o n .  

I n  zone I11 t h e  i n c r e a s e  i n  tempera ture  h a s  inc reased  t h e  
r e a c t i o n  rate so  t h a t  i t  has become too  f a s t  t o  c o n t r o l  t h e  
o v e r a l l  rate and o x i d a n t  molecu le s  r e a c t  a s  soon as they  a r r i v e  
at  t h e  p a r t i c l e  s u r f a c e .  The o v e r a l l  r a t e  i s  t h e n  c o n t r o l l e d  by 
mass t r a n s f e r .  I t  is  i m p o r t a n t  t o  r e a l i z e  t h a t  there is no sharp  
c u t  o f f  from one zone t o  a n o t h e r ,  bu t  r a t h e r  a cont inuous  t r a n s i t i o n  
between t h e  zones.  

Another regime e x i s t s  c h a r a c t e r i z e d  by a s o l i d  whose r e a c t i v i t y  
i s  g r e a t  enough t o  p r e v e n t  ox idan t  p e n e t r a t i o n  f u r t h e r  t h a n  t h e  
mean f r e e  pa th  h ,  b u t  n o t  f a s t  enough t o  cause  mass t r a n s f e r  c o n t r o l .  
T h i s  regime i s  termed t h e  "outer  k i n e t i c  reg ion ' '  (17)  and has 
zone I k i n e t i c  c h a r a c t e r i s t i c s .  However i n  t h i s  c a s e  t h e r e  i s  an  
i n c r e a s e d  a r e a  f o r  r e a c t i o n  because  of t he  e x t e r n a l  roughness  of 
t h e  s u r f a c e  of t h e  p a r t i c l e .  

The regime i n  which the r e a c t i o n  i s  o c c u r r i n g  can  be  determined 
by c a l c u l a t i n g  t h e  dep th  t o  which t h e  ox idan t  can p e n e t r a t e  i n t o  t h e  
p a r t i c l e .  I f  t h e  dep th  of  p e n e t r a t i o n  is L ,  t hen  from our  d e f i & i o n s  
above w e  s e e  t h a t  f o r  rough  sphe re  p a r t i c l e s  L < h ;  f o r  zone I L > > r  
( t h e  p a r t i c l e  r a d i u s ) ;  and f o r  zone I1 h < L z r .  Mulcahy and Smith ( 1 4 )  
adop t ing  t h e  i d e a l i z e d  p o r e  model of Wheeler ( 3 4 )  used observed  
combustion r a t e s  t o  e s t i m a t e  v a l u e s  of L a s  a f u n c t i o n  of  t h e  
p a r t i c l e  p o r o s i t y  ( O i  and t h e  mean pore  r ad ius  (T ) u s i n g  t h e  r e l a t i o n  
f o r  zone I1 cond i t ions :  P 

where C i s  t h e  c o n c e n t r a t i o n  a t  t h e  s u r f a c e .  
S 

- They found t h a t  L>h f o r  reasonable-va lues  of 
r , > O . l  microns f o r  a r e a c t i v e  c o a l  and r n > . O 1  f o r  

t h e  p o r o s i t y  when 
a less r e a c t i v e  

r - Y 

c o a l .  Values of r below .05 microns f o r  r e a c t i v e  c o a l  and 0.005 
microns f o r  l ess reac t ive  c o a l  gave rise t o  rough sphe re  c o n d i t i o n s ,  
i . e . ,  L<X. For r > 1 micron  a l l  p a r t i c l e s  

P 

P- 
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i n  t h e  p . f .  r ange  were found t o  be comple te ly  p e n e t r a t e d  a t  t h e  
lower chosen v a l u e  f o r  R A t  t h e  same p o r e  s i z e  and h i g h e s t  chem Rchem, p a r t i c l e s  <20 microns'were found t o  be  comple te ly  p e n e t r a t e d  
(zone I k i n e t i c  r e g i o n )  and 100 micron p a r t i c l e s  w e r e  40 p e r c e n t  
pene t r a t ed .  Thus the conc lus ions  of t h i s  a n a l y s i s  were t h a t  i f  
a l l  t h e  p o r o s i t y  w a s  conta ined  i n  micropores  rough sphe re  k i n e t i c s  
would always app ly ,  bu t  i f  t h e  p a r t i c l e  were macroporous,  t hen  
zone I1 c o n d i t i o n s  would be a p p l i c a b l e .  

Thus c h a r s  produced from a n t h r a c i t e s  and brown c o a l s  which are 

The conc lus ions  j u s t  s t a t e d  were a r r i v e d  a t  by 
h igh ly  microporous would be  expec ted  t o  combust under rough sphe re  
cond i t ions .  
apply ing  t h e  s imple  c y l i n d r i c a l  p o r e  model developed o r g i n a l l y  by 
Wheeler ( 3 4 )  t o  p l a c e  r e a c t i o n s  w i t h i n  porous  c a t a l y s t s  on a 
t h e o r e t i c a l  b a s i s .  Evidence from microscopy h a r d l y  s u p p o r t s  
t h i s  s imple ,model ,  many p y r o l i z e d  p a r t i c l e s  Have complete voided  
s t r u c t u r e s  va ry ing  from "pop corn"  type  through l a c y  t o  hollow 
cenospheres (35).  However t h e  impor tan t  p o i n t s  t o  emerge from 
t h i s  a n a l y s i s  are f i r s t l y  t h a t  t h e  v a l u e  of t h e  r a t e  of chemical 
r e a c t i o n  a t  t h e  s t a r t  of t h e  combustion p r o c e s s  may n o t  remain 
cons t an t  throughout t h e  whole burn-out p e r i o d  even  i n  i s o t h e r m a l  
cond i t ions  because  of t h e  e v o l u t i o n  of t h e  i n t e r n a l  s t r u c t u r e  of 
t he  p a r t i c l e ,  and secondly  t h a t  t h e  t empera tu re  and ox idan t  c o n c e n t r a t i o n  
a r e  not  t h e  only  v a r i a b l e s  t o  cons ide r  when i n t e r p r e t i n g  t h e  k i n e t i c s  
of such r e a c t i o n s .  

Disputed I s s u e s  

For  a s imple  r e a c t i o n  t h e  rate pe r  u n i t  s u r f a c e  a r e a  can 
be expres sed  as 

= A cn exp (-E/RT) Rchem t o t  

where n and E are t h e  t r u e  o rde r  and a c t i v a t i o n  energy  of t h e  
r e a c t i o n  independent  of t empera tu re ,  and A h a s  only  a s l i g h t  
tempera ture  dependence i n  comparison t o  t h e  e x p o n e n t i a l  t e r m .  
The t r u e  parameters  n and E i n  combustion sys tems have  been ex t remely  
d i f f i c u l t  t o  de te rmine  f o r  several r easons .  Among these reasons  are: 

(i) 

( i i )  

( i i i )  t h e  change i n  t h e  a v a i l a b l e  s u r f a c e  a r e a  d u r i n g  t h e  

t h e  d i f f i c u l t y  i n  avo id ing  zone I1 and 111 c o n d i t i o n s  

t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  p a r t i c l e  tempera ture  
because  of t h e  h igh  h e a t  of r e a c t i o n  

cour se  of t h e  combustion p r o c e s s  

The re fo re  t h e r e  i s  s t i l l  c o n s i d e r a b l e  u n c e r t a i n t y  p e r t a i n i n g  
t o  v a l u e s  of E and n f o r  impure carbons .  T h i s  u n c e r t a i n t y  even 
a p p l i e s  t o  t h e  case of pu re  carbons  where a l though  many i n v e s t i g a t i o n s  
t o  de te rmine  t h e  v a l u e s  of t h e s e  pa rame te r s  have  been under taken ,  
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t h e r e  i s  s t i l l  c o n s i d e r a b l e  incons i s t ancy  and u n c e r t a i n t y  i n  t h e  
exper imenta l  r e s u l t s .  Walker (36) e t  a1 have reviewed t h e  carbon 
oxygen system and p o i n t  o u t  t h a t  as 0'  ( t h e  s u r f a c e  coverage) t ends  
t o  u n i t y ,  t h a t  t h e  r e a c t i o n  o rde r  would b e  expec ted  t o  be  ze ro  w i t h  
r e s p e c t  t o  cove r ing  a g e n t  and when 0' t ends  t o  z e r o ,  a f i r s t  o r d e r  
dependence is p r e d i c t e d .  These a u t h o r s  c o r r e c t l y  imply t h a t  an 
impor t an t  f a c t o r  a f f e c t i n g  0'  is  t h e  p r e s s u r e  of ox idan t  b u t  a l s o  
the tempera ture  of t h e  p a r t i c l e  s u r f a c e  is  probably  an e q u a l l y  
impor t an t  f a c t o r .  T h i s  f a c t o r  may e x p l a i n  why Gulbransen and Andrews 
(37) o b t a i n  a ze ro  o r d e r  dependence a t  r e l a t i v e l y  l o w  p r e s s u r e s  i n  
a low tempera ture  r a n g e  o f  400-500°C, and s i m i l a r l y  Blyholder and 
Eyring (20) o b t a i n  a z e r o  o r d e r  dependence a t  800°C a t  low p r e s s u r e s .  
Orders i n t e r m e d i a t e  between ze ro  and one have been found by s e v e r a l  
workers (38)-(42) u s i n g  h i g h l y  p u r i f i e d  g r a p h i t e s .  

V a r i a t i o n s  i n  a c t i v a t i o n  e n e r g i e s  between about  80 kca l /mole  
down t o  ze ro  have been  o b t a i n e d  under v a r i o u s  cond i t ions  f o r  t h e  
oxygen pure  carbon sys t em and f o r  t h e  impure carbon s y s t e m ,  similar,  
b u t  n o t  s o  l a r g e ,  v a r i a t i o n s  i n  a c t i v a t i o n  energy have been found,  
w i t h  t h e  va lue  o f t e n  b e i n g  s t r o n g l y  t empera tu re  dependent.  

Disagreement a l s o  e x i s t s  i n  t h e  p . f .  system as t o  t h e  v a l u e  
and tempera ture  dependence o f  a c t i v a t i o n  e n e r g i e s .  Smith i n  two papers  
on t h e  k i n e t i c s  of combustion of s i z e  graded p a r t i c l e s  (43), (44) 
f i n d s  a c t i v a t i o n  e n e r g i e s  on  t h e  o rde r  of 17 kcal fmole  and an  o rde r  
of u n i t y  i n  s u r f a c e  oxygen c o n c e n t r a t i o n .  H e  r e p r e s e n t s  R t h e  
ra te  p e r  u n i t  e x t e r n a l  s u r f a c e  area, by an Arrhenius  expres s ion  of 
t h e  form: 

ac' 

= A exp(-Ea/RTp> gm/cm2 s e c  a t m  0 2 

where T 
balanceeon t h e  p a r t i c l e  assuming CO t o  be t h e  primary product  (45). 

F i e l d  (l), (46) i n  expe r imen t s  on t h e  r a t e s  of combustion 

i s  t h e  p a r t i c l e  t empera tu re  c a l c u l a t e d  from a s imple  h e a t  

of s i z e  graded  f r a c t i o n s  of cha r  a t tempted  t o  f i t  h i s  d a t a  t o  an  
expres s ion  of t h e  Ar rhen ius  form, b u t  found t h a t  t h e  a c t i v a t i o n  
energy could n o t  be t a k e n  as c o n s t a n t ,  b u t  would need t o  v a r y  
as a f u n c t i o n  of t empera tu re  , d e c r e a s i n g  from about  35 kcal fmole  
a t  1300°K t o  about  10 kca l fmole  a t  1800°K. 
account  f o r  t h e  n o n - l i n e a r i t y  of F i e l d ' s  Arrhenius  p l o t  sugges ted  
t h a t  F i e l d ' s  d a t a  is  compa t ib l e  w i t h  a t r a n s i t i o n  between r a t e  
c o n t r o l  i n  zone I t o  zone 11, brought  about  p o s s i b l y  by t h e  
d i f f e r e n c e s  i n  po re  s t r u c t u r e  of t h e  c h a r s  used .  However, i f  
t h i s  were t h e  e x p l a n a t i o n ,  t h e  a c t i v a t i o n  energy i n  F i e l d ' s  d a t a  
should  never  f a l l  below a value of E/2,  where E i s  t h e  v a l u e  
ob ta ined  i n  zone I ,  hence F i e l d ' s  a c t i v a t i o n  energy should never 
be l e s s  than  17 k c a l f m o l e ,  whereas i n  f a c t  t h e  a c t i v a t i o n  energy 
f a l l s  t o  10  kca l /mole  and a p p a r e n t l y  i s  s t i l l  f a l l i n g  wi th  i n c r e a s i n g  
tempera ture .  
whether E 
h ighe r  tempera ture  r e g i o n  as does F i e l d ' s  d a t a .  

Smith i n  an a t t empt  t o  

The s c a t t e r  i n  Smi th ' s  d a t a  makes i t  d i f f i c u l t  t o  s ay  
is c o n s t a n t  o r  does  i n  f a c t  level o f f  s l i g h t l y  i n  t h e  a 



Another p o s s i b l e  e x p l a n a t i o n  as t o  th i s  change i n  a c t i v a t i o n  
energy w i t h  tempera ture  i s  g iven  i n  t h e  nex t  s e c t i o n  (Attempted 
C l a r i f i c a t i o n  of Disputed  I s s u e s  by a Reana lys i s  of E x i s t i n g  Data) ,  
where some of F i e l d ' s  o r i g i n a l  d a t a  i s  r eana lyzed .  

Attempted C l a r i f i c a t i o n  of Disputed  I s s u e s  by a Reana lys i s  of 
E x i s t i n g  Data 

Changes i n  t h e  t empera tu re  dependence of a r e a c t i o n  t h a t  can  
be d e p i c t e d  on an  Arrehnius  diagram are c o n s i s t e n t  w i t h  change 
from chemica l  t o  mass t r a n s f e r  dominance as d i scussed  earlier, o r  
change from zone I t o  zone I1 k i n e t i c  dominance, a l s o  d i scussed  
above. However, t h e  tempera ture  v a r i a t i o n  of t h e  a c t i v a t i o n  
energy and appa ren t  (or  r e a l )  o r d e r  i n  oxygen can  also be exp la ined  
by a t r a n s i t i o n  from d e s o r p t i o n  t o  chemisorp t ion  dominance i n  t h e  
r e a c t i o n .  Chemisorption i s  known t o  occur  e x t e n s i v e l y  on carbons  
a t  room tempera ture  (47 ) ,  so  i t  is  r e a s o n a b l e  t o  expec t  t h e  
activation energy  f o r  chemisorp t ion  t o  below, w i t h  t h e  o rde r  i n  
oxygen be ing  u n i t y .  A c t i v a t i o n  e n e r g i e s  f o r  d e s o r p t i o n  are expec ted  
t o  be h igh  (20 )  and a n  o r d e r  i n  oxygen of z e r o .  So w e  can expec t  a t  
low t empera tu res ,  where t h e  chemical rate is s low,  t h e  s u r f a c e  t o  
be covered w i t h  ox idan t  s o  t h e  r e a c t i o n  r a t e  must be  c o n t r o l l e d  by 
t h e  d e s o r p t i o n  p rocess .  I n  t h i s  case, the o r d e r  i n  oxygen should  
be  ze ro  f o r  zone I c o n d i t i o n s  and 112 f o r  zone 11. The a c t i v a t i o n  
energy E i s  expec ted  t o  b e  h i g h ,  perhaps  i n  t h e  r e g i o n  of 40-80 
kcal/mol$?s A s  t h e  tempera ture  i n c r e a s e s  , so does  t h e  r e a c t i o n  r a t e  
and t h e  s u r f a c e  coverage t ends  t o  z e r o ,  s o  t h a t  the p rocess  now 
l i m i t i n g  t h e  r e a c t i o n  ra te  i s  t h e  chemisorp t ion  of ox idan t  on to  t h e  
s u r f a c e  of t h e  carbon. Th i s  would lead t o  a n  appa ren t  and r e a l  
o rde r  of u n i t y  and a low v a l u e  f o r  t h e  a c t i v a t i o n  energy (E 
To l end  suppor t  t o  t h i s  h y p o t h e s i s ,  t h e  r e s u l t s  of F i e l d  ( lTdfave  
been r eana lyzed  i n  t h e  d i s c u s s i o n  con ta ined  below. 

) .  

F i e l d  (1) shows h i s  r e s u l t s  p l o t t e d  on a l i n e a r  p l o t  o f  K 
( s u r f a c e  r e a c t i o n  rate c o e f f i c i e n t  gm/cm2 s e c  atm) a g a i n s t  s u r f a c e  
tempera ture  T O K .  The e x p o n e n t i a l l y  r i s i n g  cu rve  shown a l s o  on 
the  same g rapg  r e p r e s e n t s  t h e  b e s t  f i t  t o  t h e  d a t a  of p a s t  workers 
a t  a tmosphe r i c  p r e s s u r e  and a t  t empera tu res  above 1000 O K ,  a s  
g iven  i n  t h e  rev iew by F i e l d ,  G i l l ,  Morgan and Hawksley (49) .  
The curve  i s  g iven  by: 

Ks = A exp(-E/RT ) 

2 
where A = 8710 gm/cm sec a t m  

E = 35,700 ca l /mole  

R = 1.986 cal/rnole O K  (13) 
I 

This  e x p o n e n t i a l  cu rve  i s  based on measurements from o t h e r  workers 
below 1650"K, and i t  i s  e v i d e n t  from t h e  graph  t h a t  t h e  new measurements 
of F i e l d  are c o n s i s t e n t  w i t h  t h e  curve  up t o  t h i s  tempera ture .  However, 

L1 153 



for t empera tures  above 1650"K, the v a l u e s  of F i e l d ' s  d a t a  f a l l  
cons ide rab ly  below the e x t r a p o l a t e d  e x p o n e n t i a l  curve .  

F i e l d  t h e r e f o r e  r e p r e s e n t s  h i s  d a t a  by a l i n e a r  r e l a t i o n s h i p  
of the formi 

Ks = -0.49 + 3.85 x Ts 

or Ks = K + A Ts 
0 

I n  F i e  ; second paper  on combustion r a t e s  of p . c .  6 ) ,  h e  r e p r e s e n t s  
h i s  ra te  v a r i a n c e  w i t h  t empera tu re  by t h e  f o l l o w i n g  expres s ion  f o r  
v a r i o u s  c o a l s  : 

Ks = Ks,1600 O K '  + A (Ts - 1600) 

The s imple  model assumed f o r  t h e  i n t e r p r e t a t i o n  of F i e l d ' s  d a t a  
i s  tha t  of t h e  Langmuir Adsorp t ion  I so therm (50) .  Although t h i s  
model i s  n e c e s s a r i l y  s u b j e c t  t o  t h e  unde r ly ing  assumpt ions  of  t h i s  
t heo ry  ( 4 7 ) ,  t h e  g e n e r a l  conc lus ions  d e r i v e d  from t h i s  t r ea tmen t  
a r e  a p p l i c a b l e .  

From Langmuir's t r e a t m e n t ,  w e  can  say  t h a t  t h e  ra te  of r e a c t i o n  
i s  g i v e n  by: 

K1 K2 ps 

2 
K p + K  Rate = 
1 s  

where K and K a r e  t h e  rates f o r  chemisorp t ion  and d e s o r p t i o n  
r e s p e c t i v e l y ,  and p i s  t h e  oxygen concentration a t  the  s u r f a c e .  
Express ing  t h e  r a t e s i n  t e r m s  of F i e l d ' s  nomencla ture  (1) w e  have: 

1 2 

K1K2 ps 

K I P s  + K2 
KsPs = 

and l/Ksps = 1/K2 + l/K1ps 

where K = k exp (-E /RTs) and K2 = k2 exp (-E2/RTs). Here, 
k and k a r e  t h e  p re -exponen t i a l  f a c t o r s  f o r  chemisorp t ion  and 

1 1 1 
1 2 

d e s o r p t i o n  r e s p e c t i v e l y ,  and E and E a r e  t h e  a c t i v a t i o n  e n e r g i e s  
f o r  chemisorp t ion  and d e s o r p t i o n  r e s p e c t i v e l y .  Rear ranging  t h e  
above expres s ion  l e a d s  t o  : 

1 2 
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1 
4 

El + RTs In (1 + b exp [(E2-E1)/RTs]) 
In Ks = In kl - 

RTS 

This last expression gives an apparent activation energy E where a’ 

2 - El Here there are three variable parameters El’ b and &E, where AE = E 
and b = k p /k 1 s 2‘ 

Field’s expression for his temperature dependent activation energy 
is: 

(eq. 10 ref. ( 4 6 ) )  (19) 
2 E = RATs /Ks 

Values of activation energy E were calculated from equation (19) 
at various temperatures T . A least squares fit of the activation 
energies calculated from gquation (19) was performed using the 
functional form of equation (18). The fitting parameters that were 
varied to obtain the best least squares fit were El’ b and AE. 
The results obtained from this analysis were: 

El 6,000 cal/mole 

E2 = 37,000 cal/mole 

b = 0.000126 

Using these values of the three fitting parameters, equation (18) 
matches equation (19) almost exactly. 

155 



S t a r t i n g  w i t h  e q u a t i o n  (16a ) ,  w e  can r e a r r a n g e  i t  i n  t h e  
fo l lowing  forms: 

i '~ 

Equat ions  (17) and (20) are e q u i v a l e n t  forms of equa t ion  (16a) .  
As t h e  t empera tu re  T t e n d s  t o  ze ro ,  X t ends  t o  z e r o ,  and w e  see from 
e q u a t i o n  ( 2 1 )  t h a t  KZ approaches  (k /p  )exp(-E2/RTs), o r  t h a t  K p 
approaches  k2  exp(-E2/RTs). 
w e  t end  towards a ze ro  o r d e r  rate e x p r e s s i o n  whose l i m i t  is k2 exp (-E2/RTs) 
o r  K 

2 s  s s  
Thus w e  f i n d  t h a t  as T t e n d s  t o  z e r o ,  

2 '  

It is  i n t e r e s t i n g  t o  de te rmine  t h e  v a l u e  of X w i t h  i n c r e a s i n g  
t empera tu re ,  and hence t h e  d e p a r t u r e  of  t h e  r a t e  e x p r e s s i o n  from 
t h e  pu re  ze ro  o r d e r  dependence component K 2 .  Below 1400°K, X < < 1  
( i n  f a c t  l e s s  t h a n  .01) and t h e  low t empera ture  l i m i t  i s  a p p l i c a b l e .  
I n  t h e  range  of t empera tu res  1400°K t o  2000°K, t h e  v a l u e  of X 
grows from 1.47 x t o  0.763 ( see  T a b l e  I). A t  approximate ly  
1600°K, t e n  p e r c e n t  d i v e r g e n c e  from a pure  K2 dependence would be  
i n c u r r e d ,  wi th  ever i n c r e a s i n g  d ivergence  o c c u r r i n g  a t  h ighe r  
t empera tu res  a s  is shown i n  F i g .  111. 

Refe r r ing  t o  F i e l d ' s  s t a t emen t  (1) that  d a t a  from p rev ious  
workers a t  lower t empera tu res  (<1650°K) could  be  f i t t e d  w i t h  a n  
Arrhenius  r a t e  e x p r e s s i o n  w i t h  an a c t i v a t i o n  energy of 35,700 ca l /mole ,  
it i s  n o t  s u r p r i s i n g  t o  o b t a i n  t h i s  r e s u l t  i n  view of t h e  above 
a n a l y s i s .  R e c a l l  t h a t  E2 ,  t h e  l o w  t empera tu re  l i m i t  a c t i v a t i o n  
energy  f o r  t h e  d e s o r p t i o n  p r o c e s s ,  w a s  c a l c u l a t e d  t o  be  approximate ly  
37,000 ca l /mole ,  and t h a t  s i g n i f i c a n t  d ive rgence  from t h i s  s imple  
Arrhenius  expres s ion  o c c u r s  on ly  above 1650'K. The oxygen dependence 
w a s  a l s o  shown t o  b e  z e r o  o r d e r  f o r  t h e  tempera ture  r ange  i n  the 
a n a l y s i s  p r e s e n t e d  h e r e .  

The above e x p l a n a t i o n  and a n a l y s i s  appear  t o  f i t  t h e  f a c t s  
a s  f a r  as order  i n  oxygen and tempera ture  dependence of a c t i v a t i o n  
energy are concerned ,  e s p e c i a l l y  f o r  t h e  d a t a  of F i e l d .  
rate d e t e r m i n a t i o n s  are r e q u i r e d ,  e s p e c i a l l y  i n  t h e  h igh  tempera ture  
r e g i o n ,  i f  more expe r imen ta l  s u b s t a n t i a t i o n  of t h i s  t heo ry  i s  t o  be 
ob ta ined  . 

More p r e c i s e  

More ev idence  t o  s u p p o r t  t h i s  hypo thes i s  comes a l s o  from t h e  
s tudy  of pu re  ca rbon  sys tems.  Rosner and Al lendorf  (48) found i n  
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t h e i r  s tudy  of t h e  r e a c t i o n  of oxygen wi th  pu re  g r a p h i t e  a t  h igh  
tempera tures  t h a t  t h e  a c t i v a t i o n  energy  changed from 31  kca l /mole  
a t  1300°K t o  0 a t  1600°K. 
which i m p l i e s  t h a t  t h e  real  o r d e r  i s  z e r o ,  i f  po re  d i f f u s i o n  i s  
p r e s e n t  and t h e  r e a c t i o n  i s  i n  t h e  d e s o r p t i o n  c o n t r o l l e d  regime. 
A t  1440°K t h e  apparent  o r d e r  i s  u n i t y  and t h i s  i s  compat ib le  w i t h  
chemisorp t ion  c o n t r o l .  So perhaps  d e t a i l e d  m e c h a n i s t i c  arguments 
were n o t  t h a t  p remature  from t h e i r  d a t a .  

A t  1200°K t h e - a p p a r e n t  o rde r  w a s  0.56, 

Blyholder  and Eyring (20) f i n d  a ze ro  o r d e r  r e a c t i o n  wi th  an  
a c t i v a t i o n  energy of 80 kca l /mole  a t  800°C f o r  ve ry  t h i n  c o a t i n g s  
of g r a p h i t e  rubbed on ceramic rods .  T h i s  was twice as l a r g e  as 
t h e  a c t i v a t i o n  energy  observed  f o r  samples 1 mm. t h i c k  where t h e  
ra te  is  obv ious ly  p o r e  d i f f u s i o n  c o n t r o l l e d .  
was found t o  be  112 i n  

The o r d e r  i n  t h i s  ca se  
oxygen. 

Depa r tu re s  of t h e  a c t i v a t i o n  energy a t  h i g h  tempera tures  towards 
t h e  l i m i t i n g  v a l u e  of chemisorp t ion  c o n t r o l  may no t  occur  t o  any 
s u b s t a n t i a l  e x t e n t - u n t i l  v e r y  h igh  combustion t empera tu res  are 
reached ,  as w a s  shown from the above a n a l y s i s .  Also ,  much of t h e  
e x i s t i n g  d a t a  on burn ou t  of s m a l l  p . f .  p a r t i c l e s  is expec ted ly  
q u i t e  s c a t t e r e d  because  of t h e  d i f f i c u l t i e s  i nvo lved  i n  e x t r a c t i n g  
r e l i a b l e  d a t a  from such  sys t ems ,  so d i r e c t  s u b s t a n t i a t i o n  of  t h e  
proposed p i c t u r e  set  ou t  i n  t h i s  paper  may b e  d i f f i c u l t .  However, 
t h i s h a s  been an  a t t empt  t o  c o n s o l i d a t e  some r e s u l t s  i n  t h e  
carbon oxygen sys tem,  e s p e c i a l l y  as i t  is a p p l i c a b l e  t o  p . f .  
sys tems,  and f i t  them i n t o  a workable ,  a l though  s i m p l i s t i c  model. 
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Table  I 

AE 
RT 
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T "K 

0 
- exp (-AE/RT) 

0 0 

7.35 

1 . 6 3  

1.47 x 

7.28 x 
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9.25 

2.05 

1.85 x 

9.17 x 

3.36 

9 .61  

1000 18.5 

1200 
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1600 

15 .4  

13 .2  
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1800 10.3 0.267 

2000 9.25 0.763 
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COAL GASIFICATION I N  A LOW PRESSURE, 
LOW RESIDENCE TIME, ENTRAINED FLOW REACTOR 

R. L.  Coates,  C. L. Chen, and B. J. Pope 

Chemical Engineering Department 
Brigham Young Universi ty  

Provo, Utah 84601 

INTRODUCTION 

P r i o r  s t u d i e s  i n  which finely-ground coal was hea ted  very r ap id ly  have 
shown t h a t  t h e  f r a c t i o n  of  t h e  coa l  t h a t  can be v o l a t i l i z e d  increases  wi th  
both t h e  r a t e  of  hea t ing  and t h e  f i n a l  temperature t o  which t h e  coa l  i s  
heated. 
en t ra ined  flow r e a c t o r  which show t h a t  v o l a t i l e  products amounting t o  49.9 
percent  of t h e  coa l  f ed  may be  produced from a finely-ground coal having 
an AS'IM v o l a t i l i t y  o f  on ly  35 .5  percent ,  even though maximum reac to r  
temperature was less than t h e  95OoC reached i n  t h e  standard v o l a t i l i t y  
t es t .  Kimber and Gray 
r e a c t o r  operated a t  temperatures up t o  2200'K. 
much as 87% grea te r  than  that  from t h e  s tandard  t e s t  and concluded both h ighe r  
hea t ing  rates and higher f i n a l  temperatures inc rease  the  amount of  v o l a t i l e  
products.  

Another c h a r a c t e r i s t i c  of  h igh - ra t e ,  high-temperature py ro lys i s  o f  coa l  
t h a t  is  not  found i n  normal carboniza t ion  i s  t h e  production of s i g n i f i c a n t  
q u a n t i t i e s  of ace ty lene  and e thylene  i n  t h e  p y r o l y s i s  gas. These products  
are commonly observed dur ing  coa l  py ro lys i s  i n  a plasma o r  by f l a s h  hea t -  
ing.  

The present  study was undertaken t o  i n v e s t i g a t e  t h e  p o t e n t i a l  for  in- 
creased v o l a t i l i t y  and also the production of  unsaturated hydrocarbons as 
a r e s u l t  o f  rap id  py ro lys i s  us ing  p a r t i a l  combustion as t h e  source of 
py ro lys i s  energy. This paper r ep resen t s  a progress  r e p o r t  on the  exper i -  
mental work accomplished t o  da te .  

For example, Eddinger, e t  a1 l ,  have presented d a t a  from an 

repor ted  coa l  py ro lys i s  d a t a  i n  an  en t ra ined  flow 
They observed v o l a t i l e s  as 

EXPERIMENTAL PROCEDURES 

An en t r a ined  flow r e a c t o r  was designed i n  which t h e  finely-ground coa l  
could be r ap id ly  mixed with oxid iz ing  combustion gases .  
gases were produced from a pre-mixed flame of pure oxygen with hydrogen. 
The r e a c t o r  volume was designed f o r  s h o r t  r e s idence  times, and the  products 
were quenched by water spray  immediately downstream of the r eac to r .  

The combustion 
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A diagram o f  t h e  r e a c t o r  is  shown i n  Figure 1. The r e a c t i o n  tube was 
made of alumina. 
ing  element f o r  preheat ing and t o  reduce hea t  l o s s  during the  run. The 
r e a c t i o n  tube and hea t ing  elements were insu la ted  with a f ibrous  alumina 
i n s u l a t i o n  and encased with a water-cooled s e c t i o n  of 6-inch aluminum 
pipe.  
1 1 / 2 ,  and 2 inches were t e s t e d .  The use of smaller diameter tubes per -  
mi t ted  t e s t i n g  a t  reduced residence t imes.  
was made of aluminum. 
located 180° apar t  and a t  an angle  of  30° with t h e  c e n t e r l i n e  of  the  r e -  
a c t i o n  tube.  
3 inches below the o r i f i c e  through which premixed combustion gases were fed 
t o  t h e  r e a c t o r .  
near  the  base of the r e a c t o r  t o  record the  r e a c t o r  temperature.  

The coal  t e s t e d  was a high v o l a t i l e  B Utah coal  from t h e  Orangevi l le ,  Carbon 
County, a r e a .  Typical proximate and 'u l t imate  analyses  of coal from t h i s  
a rea  are l i s t e d  i n  Table 1. The coa l  was d r i e d ,  ba l l -mi l led ,  and screened 
t o  minus 200 mesh for these  t e s t s .  The moisture as  used i n  t h e  t e s t s  was 
less than  one percent .  

The coa l  was en t ra ined  i n t o  a s t ream of c a r r i e r  gas ,  e i t h e r  hydrogen or 
ni t rogen ,  with an auger-driven feeder .  A variable-speed auger d r i v e  was 
employed t o  obtain feed r a t e s  ranging from 0.5 t o  5 . 0  pounds of coal p e r  
hour. Entraining gas flows of from 13 t o  15 SCFH were used i n  the  1/4-inch 
diameter feed l i n e .  

The product gas was separa ted  from t h e  quench water,  passed through a f i l t e r  
and then through a gas meter.  Samples of f i l t e r e d  gas were withdrawn f o r  
a n a l y s i s  w i t h  a gas chromatograph. The char  w a s f i l t e r e d  from the  quench 
water,  d r i e d  and analyzed f o r  ash content  t o  v e r i f y  mater ia l  balance c a l -  
c u l a t i o n s .  

This tube was placed i n s i d e  an annular  e l e c t r i c a l  heat-  

Reaction tubes 4 5/8 inches i n  length with i n s i d e  diameters of 3/4,  

The water-cooled i n j e c t o r  head 
The c o a l  was i n j e c t e d  through two copper i n j e c t o r s  

The impingement poin t  f o r  these  i n j e c t o r s  was a d is tance  of 

A plat inum/fJ% platinum-rhodium thermocouple was i n s e r t e d  

The opera t ing  parameters v a r i e d  were the  feed r a t e s  of t h e  coa l  and combus- 
t i o n  gases  and the s toichiometry of t h e  combustion gases.  
ing  preheat ing of t h e  r e a c t o r  ranged from 2 t o  22 minutes.  The range of 
feed r a t e  var iab les  t e s t e d  and t h e  range of r e a c t o r  opera t ing ,condi t ions  
t h a t  r e s u l t e d  a r e  l i s t e d  i n  Table 2 .  

Run times follow- 

RESULTS 

A t o t a l  of th i r ty- two t e s t  runs  were made with t h e  2-inch diameter r e a c t i o n  
tube,  twenty with hydrogen as t h e  c a r r i e r  gas and twelve with n i t rogen .  
Twelve tests were made with t h e  1 1/4-inch diameter reac t ion  tube,  and 
seven t e s t s  were made with t h e  3/4-inch diameter tube.  
t a i n e d  from these  t e s t s  a r e  presented  i n  Table 3.  

Typical da ta  ob- 

Y 
I 
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Effect of Hydrogen Concentration. 
the hydrocarbon gases were generally higher the greater the concentration 
of hydrogen in the reactor. Data illustrating this effect are presented 
in Figure 6. In this figure the conversions to methane, ethylene, and 
acetylene at temperatures ranging from 1200 to 1400'K are plotted versus 
the hydrogen partial pressure at the reactor outlet. 
methane is shown to be the most sensitive to this operating variable. 

Although the observed effect of hydrogen concentration on the methane yield 
is in the direction expected from the hydrogenation reaction, i.e., 
C + 2H2 = CH4, the equilibrium constant, Kp, for this reaction is much low- 
er than the observed ratio of PCH4/P2H2. 
with the curve representing hydrogenation equilibrium in Figure 7 .  
seems clear from this comparison that the hydrocarbon gases are nonequi- 
librium species resulting from pyrolysis reactions. 

Steam Carbon Reaction. 
dicated that a significant fraction of the steam produced by the combus- 
tion gases reacted with the coal to form hydrogen and carbon monoxide. 
calculated steam decomposition is plotted versus the oxygen/coal ratio in 
Figure 8. 
gen and nitrogen. 
use of hydrogen carrier gas is shown to suppress the steam decomposition. 
The approach of the reaction C + H20 = CO + H2 toward equilibrium is indi- 
cated by the data presented in Figure 9 .  
son that the steam-carbon reaction is far from equilibrium for all of the 
run conditions that were tested. 

It was observed that conversions to 

The conversion to 

The observed ratios are compared 
It 

The composition and volumes of the product gas in- 

The 

This plot also shows the effect of the-two carrier gases, hydro- 
The higher hydrogen concentrations resulting from the 

It is apparent from this compari- 

Shift Reaction. The conversion of carbon to carbon dioxide was observed to 
be rather low relative to the conversion to carbon monoxide, as mentioned 
above. 
CO + H20 = C02 + H2, was observed to exceed the observed ratio of 
PCOz pH2/pC0 pH20. 
observed ratios are seen to correspond to equilibrium Kp's at substantially 
higher temperatures than those measured at the reactor outlet. 

Volume and Heating Value. 
of coal carrier 
tion of the oxygen/coal ratio. 
uniformly with this ratio. 
carrier-free gas is shown in Figure 1.2. 

In all cases the equilibrium constant, Kp, for the shift reaction, 

This is illustrated by the data shown in Figure 10. The 

The volume of dry gas produced, less the volume 
gas fed to the reactor, is shown in Figure 11 as a func- 

The volume produced is seen to increase 
The corresponding heating value of the dry, 

Combustion Equivalence Ratio. 
of combustion hydrogen to combustion oxygen was tested by operating the 
reactor with coal feed rate, oxygen to coal ratio, and carrier gas rate 
constant, and varying the combustion hydrogen feed rate. Combustion hydro- 
gen was varied to give an equivalence ratio, i.e., the moles H2 per mole 
0, from 0.4 to 1.1. As illustrated in Figure 13, the weight of carbon in 
hydrocarbon gases per 100 pounds of coal increased and the molar ratio of 
carbon dioxide to carbon monoxide decreased with the equivalence ratio. 

The effect of varying the equivalence ratio 
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Reactor Temperature. Analysis of t h e  da ta  showed t h a t  t h e  primary v a r i -  
a b l e  governing the composition o f  t h e  r e a c t o r  products was t h e  tempera- 
t u r e .  The temperature as indica ted  by t h e  thermocouple measurements was 
observed t o  increase wi th  t h e  amount of combustion gas fed  t o  t h e  r e a c t o r  
per  pound o f  coa l ,  Although the r e a c t o r  tube was e l e c t r i c a l l y  heated,  t h e  
feed r a t e s  and heat t r a n s f e r  a rea  were such t h a t  t h e  hea t ing  elements ex- 
e r t e d  a r a t h e r  small  e f f e c t  on the  r e a c t i o n  temperature,  se rv ing  pr imar i ly  
t o  reduce heat  losses .  Figure 2 presents  t h e  measured temperatures a s  a 
funct ion of the  r a t i o  of combustion oxygen per  pound of coal .  The e f f e c t s  
of r e a c t i o n  tube diameter and coa l  feed r a t e  a r e  a l s o  ind ica ted  on t h i s  
f i g u r e .  

Ef fec t  o f  Temperature. 
t h e  carbon i n  t h e  coa l  t o  t h e  hydrocarbon gases methane, acetylene,  and 
ethylene,  and t o  carbon monoxide and carbon dioxide.  The conversion d a t a  
a r e  p l o t t e d  versus t h e  measured temperature without regard f o r  v a r i a t i o n s  
i n  t h e  o t h e r  operat ing v a r i a b l e s .  
t h e  measured volume and composition of the  gas produced, a f t e r  condensation 
of t h e  water vapor, and the  feed  r a t e  of t h e  coal .  I t  i s  of i n t e r e s t  t o  
note  first t h a t  i n  c o n t r a s t  t o  g a s i f i c a t i o n  products  of conventional low- 
pressure coa l  g a s i f i e r s ,  s i g n i f i c a n t  conversion t o  the  t h r e e  hydrocarbon 
gases ,  methane, acetylene,  and ethylene,  were observed. Secondly, t h e  t rend  
of  conversion w i t h  r e a c t o r  temperature i s  c l e a r l y  evident .  
conversion r i s e s  t o  a maximum and then decreases  with increas ing  tempera- 
t u r e ,  t h e  conversion t o  ace ty lene  increases  with temperature,  and t h e  
conversion t o  e thylene decreases  with temperature.  

The e f f e c t  of replacing hydrogen as t h e  coa l  c a r r i e r  w i t h  n i t rogen  on t h e  
conversion t o  carbon oxides i s  a l s o  ind ica ted  on t h i s  f i g u r e .  
vers ion  t o  carbon monoxide appears t o  be p r i n c i p a l l y  dependent on tempera- 
t u r e ;  however, the  carbon dioxide y i e l d  i s  s i g n i f i c a n t l y  g r e a t e r  with t h e  
lower hydrogen concentrat ions r e s u l t i n g  from the use  of n i t rogen  c a r r i e r  
gas.  
r e l a t i v e  t o  the amount of  carbon monoxide i s  low as compared t o  the  pro- 
ducts  from conventional g a s i f i e r s .  

Ef fec t  o f  Residence Time. 
r e a c t o r  on the  conversion t o  t h e  t h r e e  hydrocarbon gases i s  indica ted  by 
t h e  d a t a  shown i n  Figures  4 and 5. 
t h r e e  d i f f e r e n t  sizes of r e a c t o r  tubes each operated a t  a coal  feed r a t e  
of 1 .2  pounds of  coal p e r  hour. These d a t a  show only a s l i g h t  e f f e c t  of 
r e a c t o r  s i z e  on the product y i e l d s .  In  Figure 5 t h e  conversions f o r  r e -  
a c t o r  temperatures i n  t h e  range 1200-1400°K a r e  p l o t t e d  versus  t h e  average 
residence time. Although t h e  d a t a  a r e  s c a t t e r e d ,  t h e r e  is a t rend  t o  lower 
conversions with increasing res idence  time. This t rend  is most evident  i n  
t h e  conversion t o  acetylene.  
r e a c t o r  res idence  t imes of  less than f i f t y  mil l iseconds a r e  s u f f i c i e n t  f o r  
g a s i f i c a t i o n  t o  occur i n  t h i s  temperature range and t h a t  these  products 
tend t o  disappear  as t h e  residence t ime increases .  

Figure 3 presents  d a t a  showing t h e  conversion of 

These conversions were computed from 

The methane 

The con- 

I t  is of i n t e r e s t  t o  n o t e  t h a t  t h e  amount of  carbon dioxide produced 

The e f f e c t  of average residence time i n  t h e  

Figure 4 shows conversion da ta  from 

The d a t a  corresponding t o  Figure 4 and 5 show t h a t  
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SUMMARY 

The observations and conclusions drawn from the experimental runs may be 
summarized as follows: 

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

Reactor temperature was found to be the most important parameter 
affecting the overall gasification of coal. 
trolled principally by the combustion oxygen fed per pound of coal. 
As much as 57 percent of the mass of coal fed was gasified, and the 
space time conversion corresponding to this yield was 408 lb carbon 
gasified/ft3 hr. 

Significant yields of methane, ethylene and acetylene were produced. 
Up to 14 percent of the coal carbon was converted to these gases. 
The yield of ethylene was observed to decrease with increasing 
reactor temperature while the yield of acetylene increased. 
version to methane was observed to pass through a maximum at a re- 
actor temperature of about 1200'K. Maximum yields of methane, 
ethylene and acetylene were 6, 4 ,  and 6 percent of the coal carbon 
respectively. 

The yield of hydrocarbon gases was observed to increase with in- 
creasing hydrogen concentration and to decrease with increasing resi- 
dence time. Residence times shorter than 50 milliseconds are indi- 
cated for optimum yield of hydrocarbon gases. 
methane yield data with hydrogenation equilibrium indicates that the 
hydrocarbons in the product result not from hydrogenation reactions 
but from non-equilibrium pyrolysis reactions. 

Although significant steam decomposition was observed, conversion of 
carbon to carbon monoxide was substantially less than predicted for 
steam, carbon equilibrium. The conversion of carbon to carbon dioxide 
was observed to be much lower than predicted by the shift reaction 
equilibrium. 

The yield of hydrocarbon gases and the yield o f  carbon dioxide relative 
to carbon monoxide depends strongly on the stoichiometry of the combus- 
tion gas. 
carbon gas yield to be reduced and the ratio of  COz to CO to be in- 
creased from the yields with stoichiometric combustion gases. 

The volume of gas produced per pound of coal increases uniformly with 
the oxygen/coal ratio. 
carbon gas yield the volume produced is 22 SCF per pound of coal. 

The carrier-free heating value of the product gas decreases uniformly 
with increasing oxygen/coal ratio. 
maximum hydrocarbon gas yield, the heating value is in the range of 

The temperature was con- 

The con- 

Comparison of the 

Combustion gases lean in hydrogen fuel cause the hydro- 

A t  the ratio corresponding to maximum hydro- 

At the ratio corresponding to 

370-420 BTU/SCF. 
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TABLE 1.- Coal ana lys i s  - weight percent  as received 

PROXIMATE ULTIMATE 

Moisture 5.65 
Ash 6.20 
Vo la t i l e  Matter 34.35 
Fixed Carbon 53.80 

100.00 

Carbon 70.05 
Hydrogen 5.76 
Nitrogen 1.30 
Sulphur 0.64 
Oxygen 10.40 
Moisture 5.65 
Ash 6.20 

100.00 

Coal s ize  (-200 MESH) 

TABLE 2.- Range of Feed Rate Variables 

Coal Feed Rate, lbs /hr  0.7-4.1 
Oxygen/Coal Rat io  0.3-1.6 
Combustion Gas Equivalence Rat io  0.4-1.1 
Coal Ca r r i e r  Gas (13-15 SCFH) Nitrogen or Hydrogen 

0 

Range of r eac to r  opera t ing  condi t ions  

Average Temperature 1200-2500°F 
Average Residence Time 0.012-0.343 sec. 
Space Time Conversion 
Steam Par t ia l  Pressure (Reactor e x i t )  0.125-0.255 atm 
Hydrogen P a r t i a l  Pressure (Reactor e x i t )  0.194-0.553 atm 

13-408 l b s  C gas i f ied / f t3-hr  
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1 TABLE 3.- Typical d a t a  obtained from g a s i f i c a t i o n  t e s t s  

Run No. 5-8-4 5-8-2 5 -8 -1  6-9-4 7-31-1 8-23-2 

Reactor Diameter, inches 

Feed Rates,  l b s l h r  
Coal 
Hydrogen C a r r i e r  
Hydrogen Combustion 
Oxygen 
Nitrogen C a r r i e r  

Oxygen/Coal Ratio 

Combustion Equivalence Rat io  

Reactor Temperature, O F  

Volume Gas Produced (Dry) 

T o t a l ,  SCFH 
C a r r i e r  Free Basis, SCF/lb 

Coal 

Gas Analysis (Dry, Volume %) 

Hydrogen 
Oxygen 
Nitrogen 
Methane 
Carbon Monoxide 
Ethane 
Ethylene 
Carbon Dioxide 
Acetylene 

C a r r i e r  Free Heating Value, 
BTU/CF 

Steam Decomposed, Percent 

Ash i n  Char, Weight percent 

2 .ooo 

1.590 
0.082 
0.069 
0.540 

-- 

0.339 

1.022 

1445 

30.9 
10.2 

74.12 
0.20 
0 . 8 1  
5 .33  

15.35 
0.14 
1.62 
1.55 
0.88 

449.4 

18.28 

9.3 

2 .ooo 

1.590 
0.082 
0.102 
0.800 

-- 

0.503 

1.025 

1750 

37.6 
14.4 

69.88 
0.42 
1.33 
5.02 

18.41 
0.04 
1.26 
2.06 
1.58 

430.2 

28.79 

14.9 

2.000 

1.590 
0.082 
0.140 
1.050 

-- 

0.660 

1.066 

1955 

45.9 
19.6 

69.75 
0.15 
0.45 
3.85 

20.85 
0.01 
0.64 
2 .51  
1.79 

395.0 

38.81 

15.8 

2.000 

2.043 

0.167 
1.260 
1.020 

0.616 

1.060 

1966 

- -  

56.5 
21.2 

26.38 
8.30 

46.89 
1 .81  

12.96 
0.00 
0.12 
2.68 
0.86 

358.9 

48.67 

16.5 

1.250 

1.670 
0.082 
0.167 
1.340 

-- 

0.802 

0.997 

2157 

60.3 
27.3 

64.23 
1.65 
4.12 
2.34 

23.48 
0.00 
0.19 
2.39 
1.60 

365.7 

46.86 

15.68 

0.750 

I 1.180 

0.113 
0.900 

0.082 1 
1 

- -  
I 

0.762 

1.008 

1913 

39.7 
21 .1  

67.14 
1.39 
4.66 
3.22 

18.83 
0.01 
0.52 
2.57 
1.66 

392.1 r 

36.84 
9 

13.94 
1 
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7 Coal Injector 

P r r l x e d  Hydrogen-Dxygen 

Coal Injutor 

Alumina Tube 

Electr ica l  
tleatinp Element 

Cooling Coil 

To Filter. Gas Meter 

Figure 1. Schematic Diagram of Reactor.  

... 
0 . 2  0 . 4  0 . 6  0 . 8  1.0 1 . 2  1.4 1.6 

Pounds Oxygen per Pound Coil 

Figure 2 .  Measured r e a c t o r  o u t l e t  temp- 
e r a t u r e  versus t h e  oxygen fed 
pe r  pound o f  coa l .  
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Figure 4 .  Conversion d a t a  showing small e f f e c t  
o f  varying t h e  r e a c t o r  s i z e .  
shown a r e  f o r  a coa l  feed r a t e  of  
1 . 2  l b s / h r .  

Data 
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Figure 5.  Conversion d a t a  showing small  e f f e c t  
of average r e a c t o r  res idence  t ime. 
A l l  d a t a  shown a r e  f o r  a coal feed 
r a t e  o f  1 . 2  l b / h r .  
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Figure 7 .  Comparison of  equilibrium pressure  
r a t i o s  for t h e  hydrogenation reac- 
t i o n  with measured r a t i o s .  

t 1 

Figure 8. Calcu la ted  steam decomposition versus  
t h e  oxygen fed  pe r  pound of coa l .  
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o f  t h e  hea t ing  value of t he  
dry,  c a r r i e r - f r e e  product 
gas w i t h  t h e  oxygen-coal r a t i o .  
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Figure 9. Comparison of equilibrium pressure 
ratios for the steam-carbon reaction 
with measured ratios. 
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Figure 10. Comparison of equilibrium pressure ratios 
for the shift reaction with measured values. 
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PRESSURIZED HYDROGASIFICATION OF R A W  COAL IN A 
DILUTE-PHASE REACTOR 

Herman P. F e l d m n n ,  Joseph  A. Hima and Paul  M. Yavorsky 

P i t t s b u r g h  Energy Research Center, U . S .  Department of t h e  I n t e r i o r ,  
Bureau o f  Mines, 4800 Forbes  Avenue, P i t t s b u r g h ,  Pa. 15213 

INTRODUCTION 

me d i r e c t  convers ion  of raw c o a l  t o  methane can  b e  ach ieved  by r e a c t i n g  t h e  
c o a l  w i t h  hydrogen. 
t h e  U.S. Bureau of Mines Hydrane P rocess '  and the h igh  thermal  e f f i c i e n c y  r e s u l t -  
i n g  from t h i s  d i r e c t  p rocess  approach  o f f e r s  s u b s t a n t i a l  p o t e n t i a l  economic advan- 
t a g e s  ove r  o t h e r  rou te s  to  p i p e l i n e  gas .2  Convert ing c o a l  d i r e c t l y  t o  methane by 
r e a c t i o n  wi th  hydrogen w a s  f i r s t  r e p o r t e d  by Dent, The thermodynamic advantages  
o f  producing methane d i r e c t l y ,  r a t h e r  t han  by f i r s t  conve r t ing  t h e  c o a l  t o  s y n t h e s i s  
g a s  which i s  then conve r t ed  t o  methane a f t e r  water-gas s h i f t  and methanat ion ,  were 
q u i c k l y  recognized  when i n v e s t i g a t o r s  i n  t h e  United S t a t e s  s t a r t e d  e x p l o r a t o r y  work 
on c o n v e r t i n g  c o a l  t o  p i p e l i n e  g a s .  
t h a t  hydrogenat ing  c o a l  t o  methane w i t h  hydrogen which i s  produced by steam-oxygen 
g a s i f i c a t i o n  of carbon is  more t h e r m a l l y  e f f i c i e n t  t h a n  steam-oxygen g a s i f i c a t i o n  
fo l lowed by methanation. Hovever, a t  f i r s t  t h e  expe r imen ta l  d i f f i c u l t i e s  i n  d i r e c t l y  
hydrogenat ing raw c o a l  t o  methane proved t o  b e  extreme because  o f  the s e v e r e  agglom- 
e r a t i n g  p r o p e r t i e s  of  most American c o a l s  i n  h igh- tempera ture ,  h igh-pressure  hydrogen 
atmospheres.  This agglomera t ion  problem caused a s h i f t  away from a t t empt ing  t o  
d i r e c t l y  hydrogas i fy  raw c o a l .  I n s t e a d ,  t h e  c o a l  w a s  "p re t r ea t ed"  w i t h  a i r  o r  oxygen 
t o  d e s t r o y  its agglomera t ing  p r o p e r t i e s .  'mile t h e  mi ld  o x i d a t i o n  w i t h  a i r  o r  oxygen 
w a s  s u c c e s s f u l  i n  p reven t ing  t h e  coal from agglomera t ing ,  i t  adve r se ly  reduced its 
r e a c t i v i t y  f o r  methane fo rma t ion .  
SO reduced t h a t  i t  i s  imposs ib l e  t o  produce a g a s  by d i r e c t  hydrogenat ion  of pre- 
t r e a t e d  c o a i  t h a t  h a s  a s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n  of methane t o  a l low i t s  in-  
t r o d u c t i o n  i n t o  a p i p e l i n e  w i t h o u t  c o s t l y  p h y s i c a l  s e p a r a t i o n  of t h e  hydrogen-methane 
mixture .  Thus,  w h i l e  t h e  t h e n o d y n a n i c  and chemica l  advantages  of  d i r e c t  hydrogasi-  
f i c a t i o n  o f  r a w  c o a l  were clear, the  p r a c t i c a l  d i f f i c u l t i e s  encountered  i n  deve loping  
r e a c t o r  sys tems t o  u t i l i z e  r a w  coa l  r equ i r ed  t h a t  the c o a l  b e  p r e t r e a t e d  b e f o r e  be ing  
con tac t ed  w i t h  hydrogen, b u t  t h i s  reduced t h e  p rocess  e f f i c i e n c y .  Results of d i r e c t l y  
hydrogas i fy ing  p r e t r e a t e d  c o a l s  i n  cont inuous  r e a c t o r s  were r e p o r t e d  b y  I n s t i t u t e  of 
gas  Technology i c v e s t i g a t o r s . 5 ' 6 ' 7  

Nines when a t echn ique  was developed f o r  d i r e c t l y  hydrogenat ing raw c o a l  i n  a f r e e -  
f a l l  d i l u t e - p h a s e  (FDP) r e a c t o r  d e s c r i b e d  by . H i t e s h ~ e . ~  Sone r e s u l t s  o f  FDP r e s c t o r  
exper iments  u s i n g  raw coalLjY1'  h a v e  a l r e a d y  been p resen ted .  However, t h e  r e s u l t s  i n  
r e f e r e n c e s  9 and 10 were o b t a i n e d  f o r  r a t h e r  h i g h  p r e s s u r e s  o f  1 ,500  and 3,000 ps ig .  
Even though o p e r a t i o n  wi th  r a w  b i tuminous  c o a l  a t  3,000 p s i g  does allow t h e  d i r e c t  
p roduc t ion  of raw prociuct gases  conca in ing  over  80 p e r c e n t  Icethane and having  carbon 
roanoxide c o n t e n t s  down t o  0.1 v o l  p c t ,  des ign  c o n s i d e r a t i o n s  i n d i c a t e  p r e s s u r e s  around 
1,090 p s i g  a r e  more economically a t t r a c t i v e .  
r e a c t o r  d a t a  a t  p r e s s u r e s  in t h e  neighborhood of  1 ,000  p i g .  
f o r  t h e  des ign  of t h e  FDP s e c t i o n  o f  t h e  Hydrane p rocess  o r  o t h e r  p rocesses  us ing  
s iz i lar  c o n d i t i o n s .  

This  approach  t o  conve r t ing  c o a l  t o  methane i s  t h e  b a s i s  of 

Fo r  example, Channabasappa 2nd Linden4 concluded 

In f a c t ,  t h e  r e a c t i v i t y  of t h e  p r e t r e a t e d  c o a l  is  

The problem of p r o c e s s i n g  agglomera t ing  raw c o a l  w a s  so lved  a t  t h e  Bureau of 

This pape r  t h e r e f o r e  s u m a r i z e s  our FDP 
These d a t a  are u s e f u l  
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EXPERIMENTAL 

Equipment and Procedure  

Details of t h e  expe r imen ta l  r e a c t o r  sys tem and method o f  o p e r a t i o n  a re  g iven  
i n  r e f e r e n c e  10. B r i e f l y ,  t h e  FDP r e a c t o r  is  s imply  a 3-inch i d  h e a t e d  t u b e  con- 
t a i n e d  i n  a 10-inch p r e s s u r e  vessel. The c o a l  i s  i n j e c t e d  i n t o  t h e  top  of the 3- 
i nch  r e a c t o r  through a water-cooled nozz le .  
a c t o r  t ube  concur ren t  w i t h  t h e  r e a c t i n g  gas  which i s  a l s o  i n j e c t e d  i n  a t  t h e  top  of 
t h e  r e a c t o r .  Because of r a p i d  h e a t i n g  and a d i l u t e  s o l i d s  phase ,  agglomera t ion  w a s  
avoided; p a r t i c l e s  were p l a s t i c  and s t i c k y  f o r  o n l y  a s h o r t  time d u r i n g  which p a r t i c l e -  
p a r t i c l e  c o l l i s i o n s  are few, 
two of the exper iments  p re sen ted  h e r e  i s  5 f t .  The r e s i d e n c e  t i m e  of t h e  c o a l  i n  the 
r e a c t i n g  zone i s  simply t h e  r e a c t o r  l e n g t h  d iv ided  by t h e  ave rage  t e r m i n a l  V e l o c i t y  
Of t h e  C O ? ~  par t ic les .  The cha r  produced i n  t h e  FDP r e a c t o r  i s  c o l l e c t e d  i n  a cooled  
hopper and ana lyzed  a f t e r  a run. G a s  f low rates and compositions are measured over 
the s t e a d y  s t a t e  p o r t i o n  of the run. O r d i n a r i l y  the c a p a c i t y  of the p r e s s u r i z e d  c h a r  
c o l l e c t o r  allowed a run  d u r a t i o n  of approximate ly  one  hour  w i t h  approximate ly  f i f t y  
minutes o f  s t e a d y  s t a t e  o p e r a t i o n s  du r ing  which d a t a  could  b e  c o l l e c t e d .  

The coal f a l l s  f r e e l y  through t h e  re- 

The hea ted  l e n g t h  of the r e a c t o r  f o r  a l l  excep t  

Tabu la r  R e s u l t s  

R e s u l t s  of ou r  most r e c e n t  FDP r e a c t o r  o p e r a t i o n s  are suurmarized i n  t a b l e  1 and 
t h e  ana lyses  of t h e  f eed  c o a l s  used are l i s t e d  i n  t a b l e  2 .  The main o b j e c t i v e s  o f  
these experiments were to :  (1) e s t a b l i s h  t h e  f e a s i b i l i t y  of d i r e c t l y  producing  a 
high-Btu gas  by hydrogas i fy ing  raw c o a l  i n  a cont inuous  r e a c t o r  a t  economically a t -  
t r a c t i v e  p r e s s u r e s ,  (2) measure t h e  y i e l d s  and d i s t r i b u t i o n  of c o a l  hydrogas i f i ca -  
t i o n  r e a c t i o n  p roduc t s ,  and (3)  prov ide  d a t a  f o r  s ca l ing -up  t h e  FDP reactor. 

Productioil  of High-Btu Gas 

The f e a s i b i l i t y  o f  producing  a g a s  hav ing  a h e a t i n g  v a l u e  o f  900 o r  more B tu / sc f  
( a f t e r  c leanup methanat ion)  w a s  e s t a b l i s h e d  by several exper iments .  These exper iments  
were designed t o  s i m u l a t e  t h e  o p e r a t i o n  o f  a n  i n t e g r a t e d  Hydrane r e a c t o r  which con- 
sists of two s t a g e s . l  
f l u i d  bed where i t  r e a c t s  w i t h  c h a r  produced by t h e  FDP r e a c t o r .  The product  gas from 
t h i s  f l u i d  bed is t h e  f eed  gas t o  t h e  t o p  of t h e  FDP r e a c t o r  and i t  c o n s i s t s ' o f  about  
50 v o l  pc t  methane w i t h  t h e  remainder hydrogen p l u s  a s m a l l  amount o f  carbon monoxide. 
Thus, t h e  composi t ion  of t h e  f eed  gas t o  t h e  expe r imen ta l  i s o l a t e d  FDP r e a c t o r  w a s  
a d j u s t e d  to  s i m u l a t e  t h e  f lu id-bed  p roduc t  gas  from an i n t e g r a t e d  o p e r a t i o n .  

I n  such  an i n t e g r a t e d  r e a c t o r ,  t h e  hydrogen i s  f i r s t  f e d  t o  a 

Table  3 compares carbon convers ion ,  gas  composi t ion ,  and gas y i e l d s  f o r  s p e c i f i c  
e x p e r h e n t s  w i t h  t h e  r e s u l t s  used t o  guide  an economic e v a l u a t i o n  of t h e  Hydrane pro- 
cess.2 These r e s u l t s  show t h a t  t h e  g o a l  o f  producing a high-Btu g a s  can b e  achieved  
at  p r e s s u r e s  o f  1,000 p s i g  and h i g h e r .  For  a l l  t h r e e  c o a l s  eva lua ted ,  P i t t s b u r g h  Sean 
hvab c o a l ,  I l l i n o i s  No. 6 hvcb c o a l ,  and l i g n i t e ,  i t  was shown t h a t  t h e  gas  produced 
a f t e r  methanation t o  reduce  CO t o  an a c c e p t a b l e  l e v e l  w a s  s u b s t i t u t a b l e  f o r  n a t u r a l  
gas.  Of cour se ,  w i t h  l i g n i t e ,  t h e  h i g h e r  oxygen c o n t e n t  r e s u l t s  i n  h i g h e r  y i e l d s  of 
CO and t h i s  gas w i l l  t h e r e f o r e  r e q u i r e  more methanat ion than  t h e  product  gas  from t h e  
I l l i n o i s  o r  P i t t s b u r g h  Seam bituminous c o a l s .  However, even w i t h  l i g n i t e  t h e  f r a c t i o n  
of t h e  t o t a l  a r thanc  t h a t  i s  produced d i r e c t l y  r a t h e r  t h a n  by methanat ion  is g r e a t e r  
than  can b e  achieved  by o t h e r  p rocess  r o u t e s  us ing  b i tuminous  c o a l .  I n  an  a c t u a l  
p l a n t  w h e r e  hydrogen is produced from t h e  r e s i d u a l  c h a r ,  t h e  c a t a l y t i c  water-gas s h i f t  
r e a c t i o n  (CO + 1420 + 112 + CO ) would no t  be  c a r r i e d  t o  comple t ion .  I n s t e a d ,  a s  t h e  
b a s e  case  an3l;'sis o f  t h e  f eed  gas t o  t h e  d i l u t e  phase i n d i c a t e s ,  some CO would b e  

183 



l e f t  i n  the hydrogen r e s u l t i n g  i n  a somewhat h i g h e r  CO c o n c e n t r a t i o n  i n  t h e  raw 
product  gas from t h e  FDP r e a c t o r .  This a d d i t i o n a l  CO would r e s u l t  i n  i n c r e a s e d  
hydrogen consumption du r ing  methanat ion and the reby  lower  the- hydrogen c o n t e n t  and 
i n c r e a s e  t h e  h e a t i n g  v a l u e  o f  t h e  f i n a l  p roduc t  gas. The h e a t i n g  v a l u e  o f  t h e  f i n a l  
p roduct  gas was t h e r e f o r e  c a l c u l a t e d  based  on a c o n s t a n t  4 v o l  p c t  CO i n  t h e  raw d ry  
product  g a s  from t h e  FDP reactor, 

. 

Examination o f  these FDP r e s u l t s  i n d i c a t e  the c o n t r o l l a b l e  parameters  that  de- 
t e rmine  whether  t h e  raw product  g a s  w i l l ,  a f t e r  methanat ion of t h e  4 vol p c t  CO, 
have  a h e a t i n g  va lue  o f  a t  least  900 Btu /scf  are t h e  fo l lowing:  

a. P e r c e n t  methane i n  t h e  f e e d  gas  t o  t h e  FDP reactor 
b. Gas-to-coal feed r a t i o  
c. Reactor p r e s s u r e  
d.  Coa l  r e s i d e n c e  t i m e  (reactor l e n g t h )  

F o r t u n a t e l y ,  t h e  combination o f  above v a r i a b l e s  r e q u i r e d  t o  produce 900+ Btu 
gas are e a s i l y  ach ievab le  i n  p r a c t i c a l  r e a c t o r  sys tems.  For  example, t h e  r e a c t o r  
can o p e r a t e  a t  gas t r a n s m i s s i o n  l i n e  p r e s s u r e s ,  b o t h  the g a s l c o a l  f e e d  r a t io  and the 
methane c o n c e n t r a t i o n  i n  t h e  f eed  g a s  a l low o p e r a t i o n  a t  carbon convers ion  levels  
r e s u l t i n g  i n  ba l anced  p l a n t  o p e r a t i o n , *  and a s u f f i c i e n t  c o a l  r e s i d e n c e  t i m e  was 
achieved  i n  an FDP r e a c t o r  on ly  5 f t  long .  I n c r e a s e s  i n  t h e  p e r c e n t  methane i n  t h e  
f e e d  g a s  t o  the FDP r e a c t o r ,  a t  c o n s t a n t  CO Concen t r a t ion ,  w i l l  f u r t h e r  increase the 
h e a t i n g  v a l u e  of t h e  f i n a l  p roduct  gas. 

I n  our expe r imen t s ,  t h e  reactor p r e s s u r e  s h e l l  was p r e s s u r i z e d  wi th  t h e  f eed  gas.  
Because t h i s  gas was i n  d i r e c t  c o n t a c t  w i t h  the r e a c t o r  electrical  h e a t i n g  e l emen t s ,  
, ca rbon d e p o s i t i o n  from methane c r a c k i n g  and subsequent  s h o r t i n g  of t h e  e l e c t r i c a l  
. e lements  became a problem when t h e  methane c o n c e n t r a t i o n  i n  t h e  f e e d  gas  w a s  h i g h e r  
t han  50 v o l  p c t .  Th i s  a r t i f i c i a l  l i m i t a t i o n  would n o t  ex is t  i n  a commercial r e a c t o r  
sys tem where no e l e c t r i c  h e a t i n g  elements would b e  used. Methane c o n c e n t r a t i o n s  above 
50 v o l  p c t  would b e  gene ra t ed  by t h e  f lu id i zed -bed  s t a g e  of t h e  Hydrane r e a c t o r  system 
and t h e r e f o r e  a l low h i g h e r  methane c o n c e n t r a t i o n s  i n t o  t h e  FDP r e a c t o r .  
Pyrc ioch  and Linden5 i n  s t u d y i n g  t h e  f lu id-bed  h y d r o g a s i f i c a t i o n  o f  a c h a r  produced 
by low t empera tu re  p r e t r e a t n e n t  ach ieved  Icethane c o n c e n t r a t i o n  over  50 v o l  p c t ,  and 
Lewis and co-workers9 r e p o r t e d  methane concen t r a t ions  over  60 v o l  p c t  from d i r e c t  
moving-bed h y d r o g a s i f i c a t i o n  of c h a r s  produced by h y d r o g a s i f i c a t i o n  i n  an  FDP r e a c t o r ,  
Thus, t h e  r e s u l t s  p re sen ted  h e r e  must be  regarded  as conse rva t ive  and h i g h e r  methane 
c o n c e n t r a t i o n  product  gases  could b e  produced i n  commercial FDP r e a c t o r s  where t h e  
methane c o n c e n t r a t i o n  i n  t h e  i n t e r m e d i a t e  f eed  g a s  to  t h e  FDP reactor i s  n o t  l i m i t e d  
by a r t i f i c i a l  c o n s t r a i n t s .  

As examples, 

Product  Y ie lds  and D i s t r i b u t i o n  

The major p roduc t s  from t h e  d i l u t e - p h a s e  h y d r o g a s i f i c a t i o n  of raw c o a l  a r e  gas 
and char p l u s  s m a l l e r  amounts of o r g a n i c  l i q u i d  products  and water:  
measurement i s  r a t h e r  i n a c c u r a t e  because of t h e  r e l a t i v e l y  s m a l l  amoun: o f  l i q u i d s  
formed and t h e  d i f f i c u l t y  of t h e i r  q u a n t i t a t i v e  recovery .  For a l l  t h e  exper iments  
r e p o r t e d  i n  t a b l e  1, measured y i e l d s  o f  o r g a n i c  l i q u i d s  v a r i e d  from less than  . 0 1  t o  
.06 l b / l b  c o a l .  Attempts t o  c o r r e l a t e  t h e  o r g a n i c  l i q u i d  y i e l d s  w i t h  r e a c t o r  para- 
meters thought  t o  have t h e  g r e a t e s t  e f f e c t  on these y i e l d s ,  such  a s  r e a c t o r  w a l l  t e m -  
p e r a t u r e ,  hydrogen p a r t i a l  p r e s s u r e ,  and gas  phase r e s i d e n c e  t ime,  have been unsucess- 
f u l .  
s u b s t a n t i a l  even a t  t h e  l o v e s t  y i e l d s  measured. a d d i t i o n a l  work is now noinn  on t o  

The l i q u i d  y i e l d  

S i n c e ,  i n  a base-load p i p e l i n e  gas p l a n t  t h e  o r g a n i c  l i q u i d  p roduc t ion  w i l l  b e  
- -  

c h a r a c t e r i z e  ti?ese o rgan ic  l i q u i d s .  
*Balanced o p e r a t i o n  n;cans the o v c r n l l  p l z n t  produces no s u r p l u s  c h a r .  To ach ieve  
ba lanced  o e r a t i o n ,  t h e  f r a c t i o n  of  carbon i n  t t i c . c o d  convcqtcd t o  methaie is regu- 
l a t e d  so t l a t  t h e  remaining carbon i s  j u s t  s u f i i c i e n c  t o  prouuce process  Lydrogen 
and p l a n t  power. 



Water is produced by b o t h  t h e  s imple  v a p o r i z a t i o n  of moi s tu re  i n  t h e  coal and 
by t h e  r e a c t i o n  of hydrogen w i t h  oxygen i n  t h e  coa l .  Recover ies  of  water both  from 
condensers  and as mois ture  on t h e  char  ranged from .01 t o  .08 l b / l b  of c o a l  fed .  
However, a s  t a b l e  1 i n d i c a t e s ,  t h e  w a t e r  r e c o v e r i e s  d i d  n o t  e x h i b i t  t h e  same degree 
of f l u c t u a t i o n  a s  d i d  t h e  o r g a n i c  l i q u i d  r e c o v e r i e s  and most of t h e  measured y i e l d s  
were between .05 and .06 l b / l b  c o a l  fed.  The w a t e r  r e c o v e r i e s  measured f o r  t h e  Illi- 
n o i s  16 hvcb c o a l  and t h e  s i n g l e  r u n  made wi th  l i g n i t e  were h i g h e r  because of t h e  
h i g h e r  oxygen c o n t e n t s  of t h e s e  f e e d s .  
from about  .OS t o  .09 l b / l b  c o a l .  
oxygen is e i t h e r  p r e s e n t  as bound water o r  combines w i t h  hydrogen to  form water dur- 
i n g  hydrogas i f  i c a t i o n .  

For t h e  I l l i n o i s  c o a l ,  water y i e l d s  v a r i e d  
These water y i e l d  d a t a  i n d i c a t e  t h a t  much of t h e  

Char Yie lds  and D e s u l f u r i z a t i o n  

I n  t h e  overaAl Hydrane p r o c e s s ,  t h e  char  from t h e  FDP r e a c t o r  w i l l  b e  f u r t h e r  
converted i n  a f luid-bed r e a c t o r  which is i n  s e r i e s  w i t h  t h e  FDP r e a c t o r .  The y i e l d  
of char  from t h e  FDP r e a c t o r  depends on t h e  carbon conversion l e v e l  a s  shown i n  
f i g u r e  1. 

L 
S u l f u r  i s  e l imina ted  from t h e  char  d u r i n g  h y d r o g a s i f i c a t i o n  a s  H2S and t h e  degree 

of e l i m i n a t i o n  i s  r e l a t e d  t o  t h e  carbon conversion as shown i n  f i g u r e  2 .  The s c a t t e r  
may b e  due t o  e i t h e r  t h e  i n f l u e n c e  of  parameters  o t h e r  than carbon conversion and/or  
t o  i n a c c u r a c i e s  i n  the s u l f u r  de te rmina t ions .  The impor tan t  p o i n t  t o  b e  demonstrated 
i s  t h a t  t h e  c o a l  s u l f u r  is extremely r e a c t i v e  under h y d r o g a s i f i c a t i o n  c o n d i t i o n s  a s  
evidenced by t h e  f a c t  t h a t  t h e  c o a l  r e s i d e n c e  t ime i n  t h e  FDP r e a c t o r  is on t h e  o r d e r  
of  one t o  two seconds.  I n  f a c t ,  f i g u r e  2 i n d i c a t e s  t h e  s u l f u r  i n  t h e  c o a l  t o  b e  more 
r e a c t i v e  than t h e  carbon i n  t h e  c o a l .  
mately equal  amounts of p y r i t i c  and o r g a n i c  s u l f u r .  
been made on t h e  c h a r  t o  i n d i c a t e  whether  e i t h e r  type is s e l e c t i v e l y  removed d u r i n g  
f r e e - f a l l  h y d r o g a s i f i c a t i o n .  
a d d i t i o n a l  r e s i d e n c e  time i n  a f l u i d  bed a t  h i g h e r  hydrogen p a r t i a l  p r e s s u r e s  than  
e x i s t  i n  t h e  FDP r e a c t o r ,  a d d i t i o n a l  char  d e s u l f u r i z a t i o n  w i l l  occur  i n  t h e  f l u i d  
bed. 
s u l f u r  removal from t h e  P i t t s b u r g h  Seam c o a l  has  been on t h e  o r d e r  o f  85 p e r c e n t .  
results a r e  encouraging because they  i n d i c a t e  t h a t  char  from t h e  Hydrane r e a c t o r  may 
b e  an a c c e p t a b l e  f u e l  t o  provide t h e  p lanes  energy and s t eam requirements  without  com- 
p l i c a t e d  s u l f u r  removal systems and wi thout  exceeding a i r  q u a l i t y  r e s t r i c t i o n s  on a t -  
mospheric r e l e a s e  of s u l f u r  compomds. 

The Pi t t . sburgh Seam hvab coal c o n t a i n s  approxi-  
However, as y e t  no tests have 

S ince ,  i n  t h e  i n t e g r a t e d  Hydrane process  t h e  char  spends 

In pre l iminary  experiments  w i t h  an i n t e g r a t e d  FDP f lu id-bed  r e a c t o r  system, t h e  
These 

Scale-UD of t h e  FDP Reactor  

The FDP r e a c t o r  h a s  two impor tan t  f u n c t i o n s .  It must conver t  t h e  c o a l  t o  a non- 
agglomerat ing char  f o r  t h e  subsequent  f l u i d  bed and i t  m u s t  conver t  enough carbon t o  
methane s o  t h a t  t h e  FDP proauct  gas i s ,  a f t e r  a c i d  gas  removal and l i g h t  methanat ion,  
a n  a c c e p t a b l e  p i p e l i n e  gas .  

I n  t h e  3-inch i d  FDP r e a c t o r  used i n  o u r  experiments ,  t h e  c o a l  p a r t i c l e s  a r e  
hea ted  t o  r e a c t i o n  tempera ture  i n  t h e  r e a c t o r  by mixing w i t h  t h e  prehea ted  feed  gas 
and by h e a t  t r a n s f e r  from t h e  h o t  w a l l s  of t h e  FDP r e a c t o r .  However, h e a t  t r a n s f e r  
a n a l y s i s  of l a r g e r  r e a c t o r s "  i n d i c a t e s  t h a t  a s  one i n c r e a s e s  t h e  r e a c t o r  d i a m e t e r ,  
t h e  amount of  h e a t  t r a n s f e r  from h o t  r e a c t o r  w a l l s  t o  t h e  p a r t i c l e s  i n s i d e  becomes n e g l i -  
g i b l e .  Therefore ,  i n  l a r g e r  diameter  r e a c t o r s ,  t h e  c o a l  p a r t i c l e s  can b e  r a i s e d  
t o  r e a c t i o n  temperature  only  by  mixing wi th  t h e  h o t  methane-hydrogen mixture  shunted  
from the  f l u i d  b e d .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  n i s i n g  temperature  of t h e  h o t  gas 
and coal a t  the  t o p  of a l a r g e  FDP r e a c t o r  w i l l  be on t h e  o r d e r  of 480" t o  5LO" C .  
I t  i s  t h e r e f o r e  impor tan t  t o  e v a l u a t e  t h e  FDP h y d r o g a s i f i c a t i o n  behavior  a t  t h e s e  
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r e l a t i v e l y  low tempera tures .  Th i s  i s  d i f f i c u l t  t o  do i n  t h e  p r e s e n t  3-inch i d  FDP 
r e a c t o r  because  t h e  c o a l  q u i c k l y  heats t o  t h e  r e a c t o r  w a l l  t empera ture  and ,  i f  t h e  
wall t empera ture  is below 725" t o  800' C, t h e  c o a l  adheres  t o  t h e  r e a c t o r  wa l l s  and 
e v e n t u a l l y  p lugs  t h e  r e a c t o r .  
a t  reduced r e a c t o r  w a l l  t empera tu res  of 485', 530", and 580' C .  
ments,  c o a l  h i t t i n g  the reactor w a l l s  s t u c k  t o  them and e v e n t u a l l y  plugged t h e  r e a c t o r .  
However, t h e  c o a l  t h a t  d id  n o t  c o n t a c t  t h e  wa l l s ,  passed  through t h e  r e a c t o r  and was 
c o l l e c t e d  and i t s  conve r s ion  and cak ing  p r o p e r t i e s  determined. R e s u l t s  of t h e s e  lower 
r e a c t o r  w a l l  t empera ture  exper iments  are shown i n  f i g u r e s  3 and 4 where t h e  e f f e c t  of 
tempera ture  on bo th  t h e  v o l a t i l e  matter and t h e  carbon convers ion  of t h e  FDP r e a c t o r  
c h a r  a r e  shown a t  t h e  reduced w a l l  t empera tures .  F i g u r e  3 shows a n  i n t e r i o r  thermo- 
couple  tempera ture  a t  t h e  r e a c t o r  bot tom and f i g u r e  4 shows t h e  ave rage  r e a c t o r  w a l l  
t empera ture  because t h e  a c t u a l  p a r t i c l e  t empera tu re  is  no t  known. 
p a r t i c l e  tempera ture  is  probably  between t h e  i n t e r i o r  thermocouple tzmpera ture  and 
t h e  r e a c t o r  w a l l  t empera ture .  Also  shown i n  f i g u r e s  3 and 4 is t h e  tempera ture  boundary 
above which t h e  cha r  is n o t  agglomera t ing  when t e s t e d  i n  a f l u i d  bed wi th  hydrogen a t  
1,000 p s i g  and 900' C .  Chars produced a t  r e a c t o r  w a l l  t empera tures  below t h e  boundary 
tempera tures  agglomerated when t e s t e d  a t  t h e  above c o n d i t i o n s .  Thus, i f  one conserva- 
t i v e l y  assumes t h a t  t h e  p a r t i c l e  t empera tu re  i s  c l o s e  t o  t h e  w a l l  t empera tu re ,  i t  ap- 
p e a r s  tha t  s imply  mixing t h e  h o t  methane-hydrogen mix tu re  produced i n  the f lu id-bed  
r e a c t o r  w i t h  t h e  c o a l  a t  t h e  t o p  o f  t h e  FDP r e a c t o r  w i l l  produce an a c c e p t a b l e  non- 
agglomera t ing  cha r  i f  t h e  c h a r  t empera tu re  r eaches  580' C even i f  f o r  r e s i d e n c e  times 
of only  a second o r  two. 

Previous  r e a c t i o n  ra te  a n a l y s e s  o f  FDP r e a c t o r  datal '  a t  h i g h e r  hydrogen p a r t i a l  

In s p i t e  of t h i s  drawback, exper iments  were conducted 
I n  t h e s e  expe r i -  

The t r u e  ave rage  

p r e s s u r e s  (1,500 t o  3,000 p s i g )  and a t  r e a c t o r  w a l l  t empera tures  o f  725" and 900" C 
i n d i c a t e d  t h a t  t h e  convers ion  of ca rbon  i n  r a w  c o a l  occu r s  in t h r e e  s t a g e s  wi th  each 
s t a g e  hav ing  g r e a t l y  d i f f e r e n t  reac t iv i t ies  toward hydrogen. A t  t h e  s h o r t  (one t o  
two seconds)  p a r t i c l e  r e s i d e n c e  t ines  i n  t h e  DF r e a c t o r  a t  3,000 p s i g  and wi th  w a l l  
t empera tures  of 900" C ,  a l l  of  t h e  f i r s t  s t a g e  ( t h e  most r e a c t i v e )  carbon behaved a s  
i f  i t  were conver ted  " ins tan taneous ly" .  However; t h e  convers ion  of t h e  second s t a g e  
carbon v a r i e d  w i t h  r e a c t o r  c o n d i t i o n s  and t h i s  v a r i a t i o n  of r a t e  w i t h  r e a c t o r  condi- 
t i o n s  w a s  c o r r e l a t e d  by t h i s  s i m p l e  ra te  equat ion:  

where U 
t h e  p a r T i a l  p r e s s u r e  of hydrogen; L t h e  l o c a t i o n  i n  t h e  r e a c t o r  ( t h e  d i s t a n c e  from thg2  
c o a l  i n l e t ) ,  and x t h e  carbon conve r s ion  l e v e l .  The f r a c t i o n  of carbon t h a t  behaved a s  
though i t  were i n s t a n t a n e o u s l y  conver ted  w a s  denoted  by E and was determined by f i n d i n g  
t h e  v a l u e  t h a t  a l lowed t h e  b e s t  f i t  of expe r imen ta l  d a t a  w i t h  t h e  i n t e g r a t e d  form o f  
equa t ion  (1) : 

is the ave rage  t e r m i n a l  v e l o c i t y  o f  the p a r t i c l e s ,  k i s  the r a t e  c o n s t a n t ,  p 

A t  c o n d i t i o n s  where t h e  convers ion  o f  second s t a g e  carbon,  x-E, w a s  s m a l l ,  e r r o r s  o r  
v a r i a t i o n s  i n  e i t h e r  x o r  E caused l a r g e  f l u c t u a t i o n s  i n  the  v a l u e  of k ,  making a kin- 
e t i c  a n a l y s i s  of t h e  d a t a  d i f f i c u l t .  
is most ly  due t o  t he  " ins t an taneous"  carbon r e a c t i o n  because  c o n d i t i o n s  a r e  no t  s e v e r e  
enough t o  r e a c t  a s u b s t a n t i a l  f r a c t i o n  of t h e  second s t a g e  carbon. 

Th i s  occur s  where t h e  t o t a l  carbon convers ion  

As an example of  
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, 
"severe condi t ions" ,  o p e r a t i o n  at  3,000 p s i g ,  900' C w a l l  t empera tu res  and w i t h  p u r e  
hydrogen feed  gas allowed t o t a l  carbon conve r s ions ,  x,  r ang ing  from 0.40 t o  0.50 i n  
t h e  FDP r e a c t o r .  
sp read  between x and E is s u f f i c i e n t l y  l a r g e  t o  a l l o w  a reasonab le  de t e rmina t ion  o f  
k. For t h e  exper iments  r epor t ed  i n  r e f e r e n c e  1 0 ,  E v a r i e d  from abou t  0.15 t o  0.20. 

A t  the c o n d i t i o n s  r e p o r t e d  i n  t h i s  pape r  where t h e  t o t a l  p r e s s u r e  is c l o s e r  t o  

I 

\ 

i 

A t  these cond i t ions  the v a l u e  o f  E is approximate ly  0.14 and t h e  

1,000 p s i g ,  and t h e  f eed  gas  t o  t h e  E'DP r e a c t o r  is an  approximate ly  equimolar mix- 
t u r e  of hydrogen and methane, t h e  t o t a l  carbon convers ions  a r e  closer to  t h e  f r a c t i o n  
o f  carbon t h a t  i n s t a n t a n e o u s l y  reacts and k i n e t i c  i n t e r p r e t a t i o n  is even more d i f f i -  

poses  of FDP r e a c t o r  s i m u l a t i o n ,  a mathemat ica l  model w a s  used  t h a t  assumed a l l  the 
carbon reacts a t  a rate d i c t a t e d  by t h e  equa t ion ,  

\\ c u l t .  The re fo re ,  t h e  k i n e t i c  a n a l y s i s  is n o t  y e t  complete.  However, f o r  the pur- 

(3) - -- dx - (1-x) 
d L  - UT 'Hz 

This equa t ion  is f e l t  t o  b e  conse rva t ive  because  i t  does n o t  a l low f o r  t h e  f r a c t i o n  
o f  carbon t h a t  may react a t  a cons ide rab ly  f a s t e r  rate than t h e  f i n a l  amount o f  car- 
bon convers ion  which was used t o  e v a l u a t e  t h e  rate c o n s t a n t  k. The t empera tu re  de- 
pendency o f  k used f o r  ou r  i n i t i a l  r e a c t o r  s i m u l a t i o n  s t u d i e s ' '  h a s  been r epor t ed . '  
While t h e  more d e t a i l e d  k i n e t i c  a n a l y s i s  may r e s u l t  i n  a modi f ied  rate e q u a t i o n ,  the  
r e s u l t s  o f  o u r  s i n u l a t i o n  s t u d y l l  i n d i c a t e  t h a t  r a d i a n t  heat t r a n s f e r  p l a y s  a dom- 
i n a n t  r o l e  i n  s m a l l  FDP r e a c t o r s  such  as t h e  one used i n  t h i s  s t u d y .  Due t o  t h e  d i -  
min ish ing  e f f e c t  of r a d i a n t  h e a t  t r a n s f e r  f rom t h e  r e a c t o r  walls as t h e  d i ame te r  o f  
t h e  r e a c t o r  i n c r e a s e s ,  t empera ture  p r o f i l e s  i n  commercial r e a c t o r s  w i l l  b e  cons ide r -  
ab ly  d i f f e r e n t  t han  t h o s e  e x i s t i n g  i n  o u r  p r e s e n t  3-inch i d  FDP r e a c t o r  t hus  i n d i c a t -  
i n g  t h e  n e c e s s i t y  of u s ing  l a r g e r  d iameter  p i l o t  p l a n t s  t o  o b t a i n  r e l i a b l e  sca l e -up  
d a t a .  

' 

I 
i 

L- CONCLUSIONS 

The f e a s i b i l i t y  of  producing on t h e  o r d e r  o f . 9 5  p e r c e n t  of the t o t a l  methane 
p roduc t ion  by t h e  d i r e c t  r e a c t i o n  of raw caking  c o a l s  w i t h  hydrogen i n  an  FDP p l u s  
f lu id-bed  r e a c t o r  sys tem has  been e s t a b l i s h e d .  The expe r imen ta l  r e s u l t s  show t h a t  
t h e  product  gas  is of p i p e l i n e  q u a l i t y  a f t e r  minor methanat ion  of t h e  s m a l l  amount 
of carbon monoxide (only  4 p e r c e n t )  withoilt  any need f o r  hydrogen s e p a r a t i o n .  

F u r t h e r ,  t h e  experiments i n d i c a t e  t h e  above d e s i r a b l e  r e s u l t s  can b e  achieved  
wi thou t  encoun te r ing  agglomera t ion  problems even when u n p r e t r e a t e d  h i g h l y  caking  
c o a l s  are used. 
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TABLE 1.- Operat ing d a t a  f o r  FDP h y d r o g a s i f i c a t i o n  of r a w c o a l  
Feed c o a l  is 50 x 100 mesh except  where noted  . 

T e s t  No., IHR- .......... 146 

Temperature.  . C .......... 900 
Pressure .  p s i g  ............. 1000 
Coal ....................... hvab 
Coal rate. l b f h r  ......... 1 2 . 1 1  
Feed gas ra te .  s c f h  ....... 153.5 

Vol %. Hydrogen ...... 50.5 
do . Methane ........ 41.9 
do . Nit rogen  ....... 6.3 

Tota I. s c f / l b  ......... 12.61 

Hydrogen. s c f f l b  ...... 6.37 
Hydrogen. s c f h  ....... 77.5 

Product  gas .  s c f h  .......... 169.6 
Vol %. Hydrogen ....... 22.7 

do . Methane ........ 66.4 
do . Ethane ......... 0.3 
do . Carbon monoxide . 2.7 
do . Carbon d i o x i d e  . 1.0 
do . Nit rogen  ....... 6.4 

Product  y i e l d .  Methane ..... 3.97 

do  . c02 ......... 0.00 
Feed Hg r e a c t e d .  s c f / l b  ..... 3.21 

Scf / l b .  Ethane ...... 0.04 
do . CO .......... 0.38 

Char r e s i d u e .  l b / l b  ....... 0.697 
Condensed l i q u i d .  l b / l b  

Water ................. 0.051 
Oil ................... 0.013 

Residue moisture .  l b / l b  .... 0.009 

Conversion. maf coal ....... 32.5 
( W t  p c t ) .  Carbon ......... 25;6 

do . Hydrogen ....... 64.2 
do . S u l f u r  ......... 48.8 
do . Nitrogen ....... 25.1 

Recovery. o v e r a l l  .......... 96.3 
( V t  p c t )  Carbon ......... 94.6 

do . Hydrogen ....... 98.9 
do . Ash ............ 100.2 

14 7 

900 
1000 
hvab 
12.44 

155.2 
56.0 
42.3 
1.8 

11.99 
86.9 
6.72 

171.8 
25.5 
67.8 

0.4 
3.2 
1.1 
1 . 7  

3.93 
0.05 
0.43 
0.15 
3.33 
0.702 

0.037 
0.009 
0.012 

32.5 
25.0 
66.6 
44.3 
24.6 

96.0 
96.3 
95.2 

100.2 

149 

900 
1200 
hvab 
12.38 

161.0 . 
53.0 
44.5 

2.5 
1.3.00 
85.3 

6.89 

175 .5  
23.6 
69.7 

0 . 3  
3.0 
0 .8  
2.3 

4.09 
0.04 
0 .43  
0.11 
3.55 
0.698 

0.033 
0.014 
0.011 

33.1 
25.5 
66.4 
43.9 
27.2 

96 .3  
9 6 . 1  
9 7 . 1  

104 . 0 

151 

9 00 
1100 
hvab 
11 .88  

158.6 
48.0 
49.2 

2 .6  
13 .35  . 
76.1 

6.41 

167'.1 
22 .1  
71.7 
0.1 
2 . 5  
0.5 
2 .7  

3.52 
0.01 
0.35 
0.04 
2.46 
0.698 

0.029 
0.008 
0.008 

32 .8  
25.3 
65.2 
46.5 
30.6 

93.2 
94.4 
92.4 
99.4 a 

153 

900 
1100 
hvab 
10.92 

150.6 
99.2 

0 .2  
0.6 

13.82 
149.4 
13 .71  

143.0 
49 . 0 
46.5 
0.3 
3.4 
0 .2  
0.5 

6.10 
0.04 
0.45 
0.03 
7.23 
0.663 

0.032 
0.005 
0.003 

36.5 
28.5 
70.0 
55.9 
38.0 

95.7 
99.0 
94.5 

103.4 

154 

900  
2000 
hvab 
12.51 

164.5 
52.5 
46.4 
1.0 

13.15 
86 .3  
6.90 

175 . 0 
19 .8  
75.9 
0 .1  
2.2 
0 . 4  
1 .5  

4.52 
0.01 
0.31 
0.06 
4.13 
0.694 

0.038 
0.005 
0.018 

33.0 
25.1 
66.6 
4 6 . 8  
26.4 

96.2 
97.2 
97.3 
92.4 

. 
1 

P 

(Continued on next  page) 
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TABLE 1.- (Continued) 

156.2 
48.0 
49.4 1 

T e s t  No., IHR- ............ 156 157 158 160 165 176* 

Temperature. C .......... 850 850 900 900 850 850 

Coal  ....................... hvab .................................-.... hvab 
P r e s s u r e .  p s i g  ............. 1000 2000 2000 1500 1500 1000 
-~ 

Coal rate. l b / h r  .......... 12.84 
Feed. gas  r a t e .  s c f h  ....... 157.8 

Vol X .  Hydrogen ....... 49.0 
do . Methane ........ 49.4 
do. Nitrogen ....... 1.6  

T o t a l  s c f f l b  .......... 12.29 
Hydrogen. s c f h  ........ 77.3 
Hydrogen. s c f / l b  ...... 6.02 

Product  gas. s c f h  ......... 171.8 
Vol %. Hydrogen ....... 22.4 

do . Methane ........ 71.4 
do . Ethane ......... 0 . 5  
do . Carbon monoxide . 3.2 
do . Carbon d i o x i d e  .. 0.7 
do . Nitrogen ....... 1.4  

Product  y i e l d .  Methane ..... 3.48 
S c f l l b .  Ethane ...... 0.06 

do . co .......... 0.43 
do . c02 ......... 0.09 

Feed H2 r e a c t e d .  s c f / l b  .... 3.02 
Char r e s i d u e .  l b / l b  ........ 0.700 
Condensed l i q u i d .  l b / l b  

Water ................. 0.036 
O i l  .................... 0. 018 

Residue mois ture .  l b / l b  .... 0.015 

Conversion.  maf c o a l  ....... 32.8 

do . Hydrogen ..... 62.6 
do . S u l f u r  ....... 30 . 0 
do . Nit rogen  ..... 21.3 

Recovery. o v e r a l l  .......... 9 5 . 1  
(wt p c t ) .  Carbon ....... 95.1  

do . Hydrogen ..... 95.4 
do . Ash ......... ,106 .8  

( W t  PCt). Carbon ....... 25 . 0 

13.CO 
161.7 

49.9 
48.4 

1 . 7  
12.44 
80.7 
6 .21  

180.8 
. 18.1 

79.0 
0.1 
0.5 
0 :4 
1.7 

4 .97 '  
0 . 0 1  
0 . 0 7 .  
0 .06 
3.69 
0.658 

0.042 
0.015 

. 0.023 

37.3 
30.0 
65.9 
40.2 
34.2 

94.1 
94.1 

102.0 
102.2 

12.61 
160.9 

51.8 
46.6 

1 . 6  
12.76 
82.9 

6.61 

177.0 
18.0 
78.7 

0 . 1  
1.1 
0.4 
1.6 

5.10 
0.01 
0.15 
0.06 
4.08 
0.703 

0.050 
0.004 
0.014 

32.2 
25.0 
68.0 
45.4 
29.7 

9 8 . 1  
97.9 

100.6 
104.3 

*Feed c o a l  p a r t i c l e  s i z e  r a n g e  i s  100 x 200 mesh . 
(Continued on n e x t  page) 

12.29 12.94 
161.3 158.8 
53.8 51.3 
43.4 47.0' 

2.6 1.7 
13 .. 1 2  12.27 
86.8 81.5 

7.06 6.30 

166.4 173.8 
19.7 21.7 
75.2 73.4 
0.3 0.1 
1 . 4  2 . 1  
0.8 0.6 
2.4 2.0 

4.49 4.13 
0.04 0 . 0 1  
0.19 0 . 2 8  
0.08 0 .08  
4.39 3.38 
0.697 0.696 

0.049 0.058' 
0.005 0.012 
0.019 0.017 

33.7 33.1 
24.2 23.3 
66.0 62.4 
49.2 46.4 
30.6 25.8 

9 5 . 8 .  96.8 
96.7 97.6 
96.9 100.9 

101.8 96.9 

0 . 048 
0.022 
0.008 

32.2 
24.0 
63.5 
45.9 
24.7 

96.9 

98.5 
98.0 

I 
98.5 < 
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TABLE 1.- (Continued) 

I 

I 

f 

T e s t  No., IHR-  ............ 166 
Temperature. . C ........... 850 
P r e s s u r e .  p s i g  ............. 1200 
Coal ....................... hvab.. .. 
Coal r a t e .  l b / h r  ........... 12.68 
Feed gas  ra te .  s c f h  ....... 156.3 

Vol %. Hydrogen ....... 49.2 
do . Methane ........ 48.7 
do . Nit rogen  ....... 2.1 

T o t a l  s c f / l b  .......... 12.33 
Hydrogen. s c f h  ........ 76.9 
Hydrogen. s c f / l b  ...... 6.07 

Product  gas .  scfh ......... 168.7 
Vol %. Hydrogen ....... 22.7 

do . Methane ........ 72.2 
do . Ethane ......... 0.1 
do . Carbon monoxide . 2.3 

. do . Carbon d i o x i d e  . 0.5 
do . Nit rogen  ....... 2.3 

Product  y i e l d .  Methane ..... 3.60 
S c f l l b .  Ethane ...... 0.01 

do . CO .......... 0.31 
do . C02 ......... 0.07 

Feed H 2  r e a c t e d .  s c f / l b  .... 3.04 
Char r e s i d u e .  l b / l b  ........ 0.691 
Condensed l i q u i d .  l b / l b  

Water ................. 0.049 
O i l  ................... 0.018 

Residue moisture .  l b / l b  .... 0.019 
Conversion.  maf c o a l  ....... 34.8 
( W t  pet), Carbon ...... 25.6 

do . Hydrogen .... 63.5 
do . S u l f u r  ...... 42.8 
do . Nitrogen .... 21.7 

Recovery. o v e r a l l  .......... 94.5 
. ( W t  PCt) .  Carbon ...... 92.9 
. do Hydrogen .... 97.3 

do . Ash ......... 110.1 

16 7 
800 
1000 

13.21 
153.1 
48.4 
48.2 
3.3 
11.60 
74.1 
5.62 

.......... 

170.3 
27.3 
67.0 
1.0 
1.2 
0.2 
3.1 
3.05 
0.13 
0.15 
0.03 
2.10 
0.709 

0.041 
0.029 
0.014 
30.5 
25.0 
59.1 
52.7 . 
20.3 
94.1 
94.0 
98.9 
100.7 

172 
850 
2000 

12.40 
163.4 
50.6 
,46.4 
3.0 
13.18 
82.7 
6.11 

171.9 
20.4 
75.8 
0.1 
0.7 
0.2 
2.6 
4.39 
0.01 
0.10 
0.03 
3.84 
0.674 

0.053 
0.012 
0.015 

......... 

35 . 0 
28.0 
64.3 
44.9 
32.6 
93.6 
93.4 
99.3 
104.1 

173 
goo* 
1000 

12.61 
149.1 
52.7 
45.2 
2.1 
11.82 
78.6 
6.23 

......... 

163.0 
25.0 
70.4 
0.2 
1.6 
0.4 
2.1 
3.76 
0.03 
0.21 
0.05 
3.00 
0.721 

0.037 
0.029 
0.018 
31.4 
21.4 
62.4 
61.8 
23.7 
96.0 
99.1' 
98.5 
99.4 

174 
850* 
1000 

12.86 
156.8 
49.6 
47.0 
3.3 
12.19 
77.8 
6.05 

174.1 
27.9 
66.4 
0.8 
1.4 
0.6 
2.6 
3.26 
0.11 
0.19 
0.08 
2.27 
0.692 

0.041 
0.030 
0.019 

.......... 

33.7 
23.4 
59.1 
42.1 
21.5 
95.0 
96.9 
100.8 
98.0 

177 
850 
1000 

-hvab 
11.70 
155.3 
99.3 
0.4 
0.3 
13.18 
154.2 
13.11 
150.9 
52.9 
43.6 
0.2 
2.1 
0.3 
0.5 
5.57 
0.03 
0.27 
0.04 
7.21 
0.646 

0.042 

0.014 
o . m a  

38.2 
30.8 
67.1 
45.9 
27.8 
93.8 
95.5 
97.2 
99.2 

4 
* Reactor  l e n g t h  . 3 f t  . 

(Continued on next  page) 
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TABLE 1 . (Continued) 

T e s t  No., IHR; ............ 1 7 8  180 181* 182 183* 186 
Temperature. C ........... 800 900 900 900 850 900 
P r e s s u r e .  p s i g  ............. 1000 1000 1000 1000 1000 500 ....................... ......................................... C o a l  hvab hvab 
Coal rate. l b / h r  ........... 11.70 
Feed gas r a t e .  s c f h  ....... 161.1  

Vol %. Hydrogen ....... 98.9 

do . Nitrogen ....... 0.4 

Hydrogen. s c f  / l b  ...... 13.59 

do . Methane ........ 0.4 

T o t a l  s c f / l b  .......... 13.77 
Hydrogen. s c f h  ....... 159.0 

Product  gas .  s c f h  ......... 147.5  
Vol %. Hydrogen ....... 73.0 

do . Methane ........ 23.9 
do . Ethane ......... 0 . 7  
do . Carbon monoxide . 1.5 
do . Carbon d i o x i d e  . 0 . 2  
do . Nit rogen  ....... 0.4 

Product  y i e l d .  Methane ..... 2.96 
E c f / l b  . Ethane ...... 0.09 

do . co .......... 0.19 
do . c02 ......... 0 . 00 

Feed H2 r e a c t e d .  s c f l l b  .... 4.38 
Char r e s i d u e .  l b / l b  ........ 0.705 
Condensed l i q u i d .  l b / l b  

Water ................. 0.039 
O i l  ................... 0.029 

Residue m o i s t u r e ;  l b / l b  .... 0.011 

Conversion. maf c o a l  ....... 34.7 
(Wt pet), Carbon ...... 28.1  

do  . Hydrogen .... 61.0  
do . S u l f u r  ...... 48.4 
do . Nit rogen  .... 21.9 

Recovery. o v e r a l l  .......... 81.8 
( W t  p c t ) .  Carbon ...... 88.8 
. do . Hydrogen .... 86.3 

do  . Ash ......... 112.6 

12.53 
441.2 

99.3 
0.5 
0.2 

35.21 
438.1 

34.96 

412.6 
76.3 
21.9 

trace 
1 .4  
0.0 . 
0.2 

7.04 
trace 

0.46 
0.00 
9.84 
0.648 

0.028 
0.010 
0.013 

12.72 
168.0 
99.2 
0.5 
0.3, 

13.20 

13.11 

155.1  
44.2 
50.2 
0.0 
4.7 
0 .2  
0 .4  

6.06 
0.00 
0.57 
0.04 
7 . 7 1  
0.630 

0.042 
0.007 
0.015-  

166.7 

' 3 7 . 7  40.5 
31.6 33.2 
71.3 71.8 
52.5 56.7 
38.1 41.6 

96.6 95.9 
98.6 95.2 
99.6 92.9 
97.7 99.4 

*Feed c o a l  p a r t i c l e  s i z e  range  i s  100 x 200 mesh . 
(Continued on next  page) 
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24.10 
323.1 

52.6 
45.7 

1 . 7  
1 3 . 4 1  

170.0 
7.05 

335 . 0 
28 .5  
66 ;9 

0 .2  
2 .1  
0.3 
1 . 7  

3.17 
0 . 0 3  
0.29 
0.04 
3.09 
0.708 

0.038 
0.019 
0.014 

3.94 
151.4 

51.6 
46.5 

1 .9  
38.43 
78.1 
19 .. 83 

152.1  
39.8 
57.3 

trace 
1 . 0  
0.1 
1.7 

4.25 

0.38 
0.04 
4.46 
0 .  602 

0.004 
0.054 
0.010 

0 . 0. 

32.8 43.0 
26.0 36.2 
61.5 71.2 
49 .1  61.6 
25.3 43.7 

92.6 91.9 
92.5 90.2 
94.3 97.2 

107.7 101.8 

6.73 
70.0 
99. 0 

0 .4  
0.6 

10.40 
69.3 
10.30 

76.8 
50.9 
44 .1  
0.0 
4.2 
0.0 
0 . 5  

5.12 
0.0 
0.47 
0.0 
4.59 
0.618 

0.036 
0.017 
0.006 

40.5 
33.4 
74.4 
64. 0 
46.0 

90 .6  
91.0 
95.5 
99.6 



TABLE 1.- (Continued) 

Y 

x 
I 

I 

T e s t  N O . ,  IHR- .................... 
Temperature. . C ................... 

Coal rate. l b f h r  ................... 
Feed gas rate. s c f h  ................ 

Vol %. Hydrogen ............... 
do . Methane ................ 
do . Nit rogen  ............... 

T o t a l  s c f / l b  .................. 
Hydrogen. s c f h  ................ 
Hydrogen. s c f f l b  .............. 

Product  gas .  s c f h  .................. 
Vol %. Hydrogen ............... 

do . Methane ................ 
do . Ethane ................. 
do . Carbon monoxide ........ 
do . Carbon d i o x i d e  ......... 
do . Nit rogen  ............... 

Product  y i e l d .  Methane ............. 
S c f f l b .  Ethane .............. 

do . co .................. 
do . c02 ................. 

Feed H2 r e a c t e d .  s c f / l b  ............ 
Char r e s i d u e .  I b / l b  ................ 
Condensed l i q u i d .  i b / i b  

Water ......................... 
O i l  ........................... 

Residue mois ture .  l b f l b  ............ 
Conversion. m a f  c o a l  ............... 
(Wt p c t ) .  Carbon ................. 

do . Hydrogen ............... 
do . S u l f u r  ................. 
do . Nit rogen  ............... 

Recovery. o v e r a l l  .................. 
(Wt p c t ) .  Carbon ................. 

do . Hydrogen ............... 
do . Ash .................... 

P r e s s u r e .  p s i g  ..................... 
Coal ............................... 

189 

850 
1000 
hvab 
12.94 

166.9 
52.4 
44.0 

3.4 
12.90 
87.5 

6.76 

191.4 
25.1 
68.0 

0.2 
2.7 
0.8 
3.0 

4.38 
0.03 
0.37 
0.12 
3 .05  
0.714 

0.008 
0.020 
0.009 

3 3 . 1  
23.9 
66.4 
47.5 
30 .1  

95 .7  
9 8 . 8  
98.7 

109 .1  

190 

850 
1000 
hvab 
13.01 

165.1 
49.4 
46.0 

4.3 
12.69 
81.6 

6.27 

184.2 
23.3 
69.2 

0.2  
2.6 
0 .6  
3.9 

3.98 
0 .03  
0.34 
0.07 
2.99 
0.714 

184 

850 
1000 
l i g n i t e  
13.23 

162.6 
50.1 
47.8 
1.8 

12.29 
81.5 

6.16 

204.1 
27.9 
57.5 
0.1 
6 . 3  
5.9 
2.1 
3.25 
0.02 
1 .03  . 
0.99 
2 .01  
0.494 

0.033 
0.017 
0.018 

30.6 
22.0 
60.9 
38.6 
19.0 

96.7 
96.9 

106.9 
89.6 

(Continued on n e x t  page) 

1 9 3  

0.102 
0.018 
0.020 

50.7 
32 .1  
77.4 
51.0 
51.0 

93.5 
97.6 

101 .8  
97.0 



TABLE 1.- (Continued) 

T e s t  No., IHR- ........... 161  
Temperature. . C .......... 900 
P res su re .  p e i g  ............ 1000 

Coal  r a t e .  l b / h r  .......... 10.53  
Feed gas  rate. s c f h  ....... 157.2 

Vol %. Hydrogen ...... 54.5 . do . Methane ....... 44.5 
do . Nitrogen ...... 1.0  

T o t a l  s c f l l b  ......... 14 .93  
Hydrogen. s c f h  ....... 85.6 
Hydrogen. s c f / l b  ..... 8.14 

Product  gas .  s c f h  ......... 182.3 
Vol %. Hydrogen ...... 27.9 

do . Methane ....... 68.6 
do . Ethane ........ t r a c e  
do . Carbon monoxide . 1 .4  
do . Carbon d iox ide  . 0.6 

Coal  ...................... 111.116 

do . Nitrogen ...... 1.4 

Product  y i e l d .  Methane .... 5.28 
Scf / l b  . Ethane ..... t r a c e  

do . CO ......... 0.24 

Feed H2 r eac t ed .  s c f / l b  .... 3.31 
Char r e s i d u e .  l b / l b  ........ 0.622 
Condensed l i q u i d .  l b / l b  

Water ................. 0.079 
O i l  ................... 0.032 

Residue mois ture .  l b / l b  .... 0.012 

Conversion.  maf c o a l  ....... 38.0 
( W t  p c t ) .  Carbon ......... 29.8 

do . Hydrogen ....... 70.1 
do . S u l f u r  ......... 43.8  
do . Nit rogen  ....... 26.2 

Recovery. o v e r a l l  .......... 94.6  
( W t  p c t ) .  Carbon ......... 96.5 

do . Hydrogen ...... 104.7 
do . Ash ........... 102.4 

do! c02 ......... 0.10 

162 
900 

1500 
I11.#6 
12 .31  

156.2 
48.8 
49.3 
1.8 

12.69 
76.2 

6.19 

185.3 
20.4 
75.0 

t r a c e  
1 .9  
0 . 8  
1 .7  

5.03 

0.29 
0 .11  
3.12 
0.658 

0.068 
0.011 
0 .013  

t r a c e  

37.6 
27.8 
70.3 
50.9 
30.5 

97.2 
96 .. 1 

106.0 
100 . 0 

163 164 
900 900 

2000 1200 
111.16 I11.#6 

12.77 11.78 
158.8 165 .1  

52.0 50.1 

1.9 2.2 
12.94 14.02 
82.6 82.7 

6.73 7.02 

46 .. 1 47.7 

190 .1  199.4 
20.0, 21.9 
73.8 72.8 
0.2 t r a c e  
2.2 2.4 
1 .3  0.7 
2.3 1 .9  

5.47 5.64 
0.03 t r a c e  
0.34 0 .41  
0.20 0.12 
3.63 3 .31  
0.663 0.653 

0.048 0.063 
0.006 0.010 
0.013 0.014 

36.6 35.5 
26.3 27.8 
72 . 0 70.6 
63.8 51.2 
.3 7.9 34.1 

99 . 0 98.7 

19 1 
725 

1000 
I11 . 116 

12.19 
169.8 

56.5 
42.8 

0.7 
13.93 
96.0 

7.87 
190.4 

43 . 0 
52.0 

2.3 
1.6 
0.6 
0.4 

2.16 
0.36 
0.25 
0.09 
1.15 
0.702 

0.043 
0.062 
0.010 

31.4 
25.1 
55.5 
51.8 
17.4 

95 .8  
100.0 99.5 . 97.1  
105.4 106;7 100.6 
100.6 102 .1  101.6 

192 
650 

1000 
111.16 

12.04 
188.9 

60 .1  
39.4 

0 .5  
15.69 

113.5 
9.43 

202 . 0 
52.2 
45.3 

0.9 
0.9 
0.2 
0.4 

1.42 
0 .15  
0 .15  
0.03 
0.67 
0.782 

0.038 
0.035 
0.009 

24 .3  
1 9 . 1  
47.0 
42 .1  
13 .7  

94 .5  
95 .1  
97 .3  

105.7 

t 

m 
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TABLE 2.- Typica l  ana lyses  of coals used i n  
t h i s  s tudy  

P i t t s b u r g h  
Seam hvab 

coal  

Proximate Analys is  

Mois ture  ............ 1.2 
V o l a t i l e  matter ..... 36.4 
Fixed carbon ........ 56.7 
Ash ................. 5.7 

Ul t ima te  Analys is  (Dry Bas is )  

c ................... 79.09 
H ................... 5.22 
N ................... 1.60 
s ................... 1.10 
0 (by d i f f e r e n c e )  .... 7.22 
Ash ................. 5.77 

100 .oo 
- 

I l l i n o i s  #6 
hvcb 
c o a l  

1.4 
36.8 
55.9 
5.9 

75.45 
5.12 
1.72 
1.32 

10.41  
5.98 

100.00 

N .  Dakota 
l i g n i t e  

7.8 
39.7 
46.9 
5.6 

64.64 
4.48 
0.76 
0.76 
23.29 
6.07 

100.00 

~- 

Hvab c o a l  from U . S .  BuMines exper imenta l  mine, Bruceton,  Pa.  
Hvcb c o a l  from Or ien t  #3 mine, Freeman Coal  Co., W a l t o n v i l l e ,  I l l .  
L i g n i t e  from Baukol-Noonan mine, Burke Co., N .  Dakota. 

c 
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TABLE 3.- Product ion  of p i p e l i n e  q u a l i t y  gas  i n  FDP r e a c t o r  

T e s t  No., IHR- .................. 
P r e s s u r e ,  p s i g  .................... 
Feed g a s / c o a l  r a t i o ,  s c f  l l b  ....... Coal  .............................. 
Feed gas composi t ion,  v o l  p c t  

Hydrogen ..................... 
Methane ...................... 
Nit rogen  ..................... 
Carbon monoxide .............. 
Carbon d i o x i d e  ............... 

Carbon convers ion ,  w t  p c t  ......... 
r a t i o ,  s c f / l b  ................... Product  g a s  (water - f ree)  / c o a l  

Product  g a s  composi t ion,  water-free 
Hydrogen ..................... 
Methane ...................... 
Ethane ....................... 
Carbon monoxide .............. 
Carbon d i o x i d e  ............... 
Nitrogen ..................... 
Hydrogen s u l f i d e  ............ 

Methanelhydrogen i n  product  ....... 
Heat ing  v a l u e ,  as - rece ived ,  Btu/ 

scf ............................. 
. Methanat ion,  Btu/scf  ......... . Heat ing  v a l u e  w/4% CO 

P c t  methane e q u i v a l e n t  
(CHL,+C~H~) made d i r e c t l y  ..... 

Base 
1000 
hvab 
11.1 

46.1 
47.5 
0.0 
4 .O 
1.7  

20.0 

14 .8  

21.4 
68.8 
0.0 
4.2 
1.3 
1 . 0  

3 . 2 1  

779 

927 

94.2 

156 
1000 
hvab 
12 .3  

49 .O 
49.4 

1.6 
0.0 
0 .o 

25 .O 

13.4 

22.4 
71.4 
0.5 
3.2 

1.4 
0.4 

3.19 

81 7 

918 

94.7 

0.7-. 

176 
1000 
hvab 
12.5 

48.0 
49.4 

2.2 
0.0 
0.0 

24 .O 

13.9 

22.8 
71.6 
0.2 
2.5 
0.7 
1.9 
0.2 

3.14 

812 

908 

94.7 

(Continued on n e x t  page) 
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1 5 1  
1100 
hvab 
11.9 

48.0 
49.2 

2.6 
0.0 
0.2 

25.3 

14.1. 

22.1 
71.7 
0.1 
2 .5  
0.5 
2.7 
0.4 

3.24 

80 2 

903 

94.7 

166 
1200 
hvab 
12 .3  

49.2 
48.7 

2.1 
0.0 
0.0 

_ _  . . . .  

13.3 

22,7 
72.2 
0.1 
2.3 
0.5 
2.3 
0.2 

3.18 

815 

9 14 

94.8 



(TABLE 3.- Continued) 
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2000 
hvab 

1 2  :5 

52.5 
46.4 

1.0 
0.0 
0.0 

25.1 

1 4  .O 

19.8 
75.9 
0 .1  
2.2 
0.4 
1 . 5  
0 .1  

3.83 

842 

9 36 

95.0 

T e s t  No., IHR- ............ 
P r e s s u r e ,  p s i g  ............. 
Coal  ....................... 
Feed ga8/coa l  r a t i o ,  

s c f / l b  ................... 
Feed gas  composi t ion 

Hydrogen .............. 
Methane ............... 
Nit rogen  .............. 
Carbon monoxide ....... 
Carbon d i o x i d e  ........ 

Carbon conversion,  w t  p c t  .. 

160 

1500 
hvab 

13.1 

53.8 
43.4 

2.6 
0.0 
0 .2  

24.2 

165 

1500 
hvab 

12 .3  

51.3 
47 .O 

1 . 7  
0 .o 
0.0 

23.3 

13.4 

21.7 
73.4 
0 . 1  
2 . 1  
0 .6  
2.0 
0 .2  

3.38 

823 

9 1 6  

9 4 . 8  

157  

2000 
hvab 

15 8 

2000 
hvab 

172 

2000 
hvab 

12.4 1 2 . 8  13.2 

49.9 
48.4 

1 . 7  
0.0 
0 .o 

30 .O 

51.8 
46.6 

1 . 6  
0.0 
0.0 

25.0 

14.0 

2 

50.6 
46.4 

3.0 
0.0 
0.0 

28.0 

Product  gas (water-free)  / 

Product  gas  comp., water-free 
c o a l  r a t i o ,  s c f / l b  ....... 13.5 

Hydrogen 19.7 
Methane ............... 75.2 
Ethane ................ 0.3 
Carbon monoxide ....... 1 . 4  
Carbon d i o x i d e  ........ 0.8 
Nitrogen .............. 2.4 

.Hydrogen s u l f i d e  ...... 0.1 

Plethane/hydrogen i n  product .  3.82 
Heat ing v a l u e ,  as - rece ived ,  

Btu lscf  .................. 835 
Heat ing v a l u e  w i t h  4% CO 

methanat ion,  B t u l s c f  ..... 928 

P c t  methane e q u i v a l e n t  
I (CHt,+C2Hg) made d i r e c t l y  . 95.0 

I 
P 

13.9 13.9 

18.1 
79 .O 
0.1 
0.5 
0.4 
1 . 7  
0 .2  

4.36 

18 .0  
78.7 

0 .1  
1.1 
0.4 
1 . 6  
0.2 

4.37 

20.4 
75.8 
0.1 
0.7 
0.2 
2.6 
0.2 

3.7-2 

839 863 862 

948 949 920 

95.2 95.0 95.2 

(Continued on n e x t  page) 
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(TABLE 3.- Continued) 

T e s t  No., IHR- .................... 
P r e s s u r e ,  p s i g  ..................... 
Coal ............................... 
Feed gas /coa l  r a t i o ,  s c f / l b  ........ 
Feed gas composition . Hydrogen ....................... 

Methane ....................... 
Ni t rogen  ...................... 
Carbon monoxide ............... 

.. . .  . . .  

Carbon convers ion ,  w t  p c t  .......... 
Produc t  gas  (water-free)  / c o a l  

P roduc t  gas  composi t ion,  w a t e r - f r e e  
. r a t i o ,  s c f / l b  .................... 

Hydrogen ...................... 
Methane ....................... 
Ethane ........................ 

'- Carbon monoxide ............... 
. Carbon d i o x i d e  ................ 

Ni t rogen  ...................... 
Hydrogen s u l f i d e  .............. 

Methanelhydrogen i n  product  ........ 
Hea t ing  v a l u e ,  as - rece ived ,  B t u / s c f .  
Hea t ing  va lue  wi th  4% CO methana- 

t i o n ,  B t u l s c f  .................... 
P c t  methane e q u i v a l e n t  

( C H I + + C ~ H ~ >  m a d e  d i r e c t l y  ......... 

164 
1200 
hvcb 
1.4 .o 

50.1 
47.7 ' 

2.2 
0.0 

27.8 

16.9 

21.9 
72.8 
t r a c e  
2.4 
0.7 
1.9 
0.3 
3.32 
81 8 

914 

94.8 

162 
1500 
hvcb 
12.7 

48.8 
49.3 
1.8 
0.0 

27.8 
-.- 

15.0 

20.4 
75.0 
t r a c e  
1.9 
0.8 
1.7 
0.2 
3.68 
833 

928 
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46.1 
1.9 
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CWSTRY AND PHYSICS OF 
ENTRAINED COAL GASIFICATION 

R .  L. Zahradnik 
National Science Foundation 

Washington, D .  C. 

R .  J. Grace 
Bituminous Coal Research, Inc . 

Monroeville, Pennsylvania 

INTRODUCTION 

The BI-GAS process 2y3* for  the  production of synthet ic  natural  gas i s  
being developed by Bituminous Coal Research, Inc. under the jo in t  sponsor- 
ship of The Office of Coal Research and The American Gas Association. The 
key features  of the process a re  i l l u s t r a t ed  i n  Figure 1. Fresh coal i s  in- 
troduced into the  upper section (Stage 2) of a two-stage g a s i f i e r  a t  system 
pressures of 70 t o  100 a t m .  
t he s i s  gas produced in  the  lower sect ion (Stage 1) of the gas i f i e r  and i s  
p a r t i a l l y  converted in to  methane and more synthesis gas. 
is  swept out of the  gas i f i e r  together with the  gas; t he  char i s  separated 
from the gas stream and returned t o  the  bottom sect ion of t he  gas i f i e r .  
Here, the  char i s  completely gasif ied under slagging conditions by react ion 
with oxygen and steam, producing both the synthesis gas required in  the  
upper section of the  gas i f i e r  and the  heat needed t o  complete the  endother- 
mic reactions. 

Here, it contacts a r i s ing  stream of hot syn- 

The residual  char 

To meet pipel ine specif icat ions,  the  product gas requires fur ther  pro- 
cessing. It i s  cleaned and subjected t o  p a r t i a l  water gas s h i f t  t o  adjust 
i t s  &;CO r a t i o ;  it i s  scrubbed t o  remove acid gases (C02, &S); and f i n a l l y  
it i s  subjected t o  ca t a ly t i c  methanation t o  r a i se  the heating value t o  pipe- 
l i n e  qual i ty .  

The basic component of the process i s  the  entrained two-stage gas i f i e r .  
The major emphasis of the BCR program t o  date has been t o  develop data  suf- 
f i c i en t  t o  optimize the operation of  Stage 2 of the gas i f i e r .  
periments were carr ied out with coal  s lu r r i e s  i n  rocking autoclaves a t  
pressures of 3000 t o  4000 psig and temperatures 1380 F to  1400 F.' These 
experiments showed tha t  la rge  amounts of methane could indeed by produced 
from the  contact of coal with superheated steam. However, the  t e s t s  were 
of necessity batch in  nature and involved r e l a t ive ly  slow heating r a t e s  and 
long residence times. Consequently, t he  r e su l t s  could not be applied d i -  
r ec t ly  t o  an integrated entrained gas i f i e r ,  and data from experiments under 
more r e a l i s t i c  conditions were sought. 

I n i t i a l  ex- 

The next s tep i n  the BCR program consisted of t e s t s  t ha t  were continu- 
ous i n  nature and involved a short coal-stem-synthesis gas contact time 

* Numbers r e fe r  t o  references c i ted .  

203 



Coal 
Steam 

' Steam 

Zone 2 

Gasifier 

Zone 1 

f 
Slag 

OJS Purification 
and Methanation 

Recycle 
Solids 

P Oxygen 

, 
I 
~ Final Pipeline Gas 

Bituminous Coal Research. Inc. 8008613 

Figure 1. Simplified Flow Diagram for Two-stage 
Super-pressure Gasifier 

204 



with rapid heating. 
simulating those of Stage 2 using a 5 lb/hr continuous flow reactor (CFR). 
Lignite,  a Wyoming subbituminous coal,  and Pittsburgh seam high vola t i le  
bituminous coal were tes ted.  These experiments showed conclusively that 
appreciable amounts of methane could be produced during short contact times 
of 2 t o  20 seconds between steam, synthesis gas,  and fresh coal at about 
1000 p s i  and 1750 F.6 

Over 100 experiments were conducted under conditions 

The experiments carr ied out i n  the  5 lb/hr  un i t  involved t h e  simulta- 
neous heating of the  simulated Stage 1 gas, the  superheated steam, and t h e  
fresh coal. 
di t ions did not exactly duplicate those conditions expected i n  the  in te -  
grated gasif ier .  
a process and equipment development uni t  i n  which f resh  coal and steam 
could be contacted with hot Stage 1 gas under conditions that more closely 
duplicate those in  Stage 2. The design features o f  t h i s  PEDU have been 
given elsewhere’ y 6  )’ ,’. Nearly s i x t y  individual experiments were conducted, 
using the  same ser ies  o f  coals as  were used i n  the  CFR. 
at ing conditions f o r  these t e s t s  is reported i n  Table 1; the  range of 
resu l t s  is given i n  Table 2. 

Because of the  l imitat ions of the  equipment, t h e  reaction con- 

Nevertheless, t h e  r e s u l t s  warranted t h e  construction of 

The range of oper- 

I n i t i a l  r e s u l t s  from the  PESU using l i g n i t e  were reported in  e a r l i e r  
The purpose of t h i s  paper i s  t o  present data f o r  t h e  gas- publications2$*. 

i f ica t ion  of Pittsburgh seam coal i n  the  PEDU and t o  discuss these data on 
the  basis of t h e  chemistry and p w s i c s  of entrained gasif icat ion.  

GASIFICATION CHEMISTRY 

The physical and chemical processes which take place between the hot 
synthesis gas f r o m  Stage 1 and the  f resh  coal and steam in Stage 2 a r e  com- 
plex and any attempt t o  model them must be regwded as approximate. 
theless ,  it is possible t o  develop reasonable correlat ions i n  terms of 
cer ta in  basic g a s i f i e r  variables suggested by the  gasif icat ion chemistry. 

t i l i z a t i o n  takes place i n  a matter of m i l l i s e ~ o n d s . ~  
s tep  produces a var ie ty  of gases including hydrogen and methane. 

None- 

As a resu l t  of  the very rapid heating of t h e  coal,  a signif icant  devola- 
This devolat i l izat ion 

The remainder of t h e  gas i f ica t ion  process may be characterized by the  
carbon-hydrogen reaction 

c + a Z z - , w  (1) 

and by the carbon-steam reaction 

c + GO 4 co + % (2) 

The overal l  methanation process has been described by Moseley and 
Paterson” 
devolat i l izat ion of coal which produces , i n  addition t o  vola t i le  products, 
an active carbon species. 
e i ther  with hydrogen t o  form more methane or  with i t s e l f  i n  a cross-linking 

,I2 as consisting of three steps.  The first s tep  i s  the rapid 

This act ive carbon reac ts ,  i n  the  second step, 

4 c 

2 05 



TABU 1. RANGE OF OPEUTING CONDITIONS FOR 100 LB/HR PEDU TESTS 

Coal Feed Rates 

System Pressure 

Outlet Temperature 

m o g e n  Fartial Pressure 

Total Steam/Coal Ratios 

Total Carbon Gasified 

Total Btu i n  Gas/Btu i n  Coal 

Residence Times 

Coal 
Tested 

Design 
Basis 

Lignite 

Elk01 

Pittsburgh 

Lower 
Kittanning 

43 lb /hr  t o  108 lb/hr  

220 psig t o  1,420 psig 
(15 atm t o  96.5 atm) 

1,375 F t o  2,160 F 
(746 c t o  1,180 c )  

56 psig t o  308 psig 
(3.8 atm t o  21 atm) 

0.90/1 t o  2.78/1 

32 percent t o  68 percent 

38 percent t o  85 percent 

3 sec t o  22 sec 

TABLE 2. RANGE OF RESULTS FOR 100 LB/HR PEDU TESTS 

Coa l  Feed 
Rate ( l b / h r l  

100 

62-108 

- 

43-104 

50-77 

64-66 

Methane Yield, 
Percent 

15.0 

12-20 

18-23 

- 

16-26 

14-17 

Total Carbon 
Gasified, 

Percent 

- 33 

32-68 

39-64 

33-57 

34-38 

Preformed 
Methane , 
Percent 

62 - 
30-79 

47-86 

61-84 

59-68 

i 
I 
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, 

polymerization t o  form an inactive char. 
reaction of hydrogen with the inactive char. 

unimportant. Zahradnik and Glenn' have shown that the d i rec t  methanation 
of coal i n  Stage 2 can be described adequately as a two-step process which 
i s  independent of residence time when residence time is  greater  than a few 
seconds. On t h i s  bas i s ,  it is  possible t o  r e l a t e  t he  y ie ld  of methane, MY, 
expressed as the f rac t ion  of the carbon i n  coal appearing as methane, t o  
hydrogen partial pressure in  the  following way. 

The t h i r d  step involves the slow 

I n  Stage 2 of t he  BCR two-st e process, t h i s  third s t ep  is  r e l a t ive ly  

where a and b a re  k ine t ic  parameters. 

Zahradnik and Glenn16 were able t o  cor re la te  t he  CFR data, t he  data of 

Data obtained i n  the  100 lb/hr  PEDU fo r  l i g n i t e  were a l so  
Moseley and Paterson, and data obtained by the U.S. Bureau of Mines with 
t h i s  expression. 
shown t o  be correlated by Equation (3)*, demonstrating i t s  va l id i ty  for 
larger  sized equipment. 

For data correlat ion purposes, Equation ( 3 )  can be wri t ten as: 

On the bas is  of e a r l i e r  tests, the  value of a is taken t o  be 0.08 and i s  
assumed t o  depend on temperature in an Arrhenius manner. 
the natural  logarithm of the  left-hand side of the above equation, as a 
function of reciprocal  temperature, should yie ld  a s t r a igh t  line. Figure 2 
i s  such a p lo t  fo r  Plttsburgh seam coal, under canparable physical and geo- 
metr ical  configurations, and f o r  residence times between 14 and 17 seconds. 
The correlat ion is  suite good. 

Thus, a plo t  of 

A ccnnplete tabulat ion of t he  data on which Figure 2 is based is given 
The experimental and analytical techniques used t o  obtain in Reference 2. 

these data were reported in a previous publication by Grace, Glenn, and 
zahradnike. 

Not a l l  the  data points from the PEDU experiments with Plttsburgh seam 
coal f e l l  on the  correlat ing l i n e  of Figure 2, however. 
explanation of t h e i r  behavior is i n  order. 

A more detai led 

I 

METHANE DECOMPOSITION 

Experiments i n  the  external ly  heated 5 lb/hr CFR showed t h a t  methane, 

However, because of the  higher mixing temperatures a t ta ined i n  
once formed, did not decompose under the  Stage 2 simulation achieved with 
t h i s  un i t .  
the  W U ,  such decomposition i s  possible. 
does decompose, tests were conducted whereby a stream of methane was injected 

In  order t o  test whether methane 

I 
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\ 

f 
1 

in to  t h e  simulated Stage 1 gas. 
p a r t i a l  deccmrposition, 

It was noted that t h e  methane experienced 

The exact nature of t h e  destruction of methane i s  not clear. However, 
it is most l i k e l y  that t h e  steam i n  t h e  Stage 1 gas prcanotes t h e  reforming 
reaction : 

C& + &!to - + c o  + 3% 

Analysis of t h e  material balance da ta  from t h e  methane decomposition 
t e s t s  suggests that t h e  l a t t e r  reaction is occurring. 
carried out a t  200 psig i n  order t o  permit observation of t h e  mixing temper- 
ature by an ult ra-violet  pyrometer. 
t h a t  methane decomposes at a rate proportional t o  its concentration, i.e.: 

One of t h e  t e s t s  was 

The r e s u l t s  can be explained by assma 

Although it is l i k e l y  that the reaction r a t e  i s  influenced by steam, hydro- 
gen, and carbon monoxide p a r t i a l  pressures, these did not vary s ignif icant ly  
during the  t e s t s ,  and t h e i r  e f fec t  cannot be determined at t h i s  time. 

Integration of the  rate expression gives: 

I n  [l - f ]  = -kr (5)  

where, r = residence time 
f = f ract ion of methane decomposed 
k = reaction r a t e  constant 

The residence time of t h e  individual t e s t s  w a s  constant. Since the  
reaction r a t e  constant i s  temperature-dependent, an Arrhenius p l o t  of In 
(In [1 - f ] )  versus t h e  reciprocal of t h e  observed mixing zone temperature 
should yield a s t ra ight  l i n e .  That t h i s  i s  indeed the  case i s  shown i n  
Figure 3. 
quite  pronounced, corresponding t o  an act ivat ion energy of 30 Kcal/g mole. 

The fac t  t h a t  methane injected in to  t h e  PEDU decomposes t o  a cer ta in  

The temperature e f fec t  on t h e  r a t e  of methane decomposition is  

extent suggests that methane formed d i r e c t l y  from coal could a lso  decompose. 
Thus, t h e  methane yield predicted by Equation (3)  would have t o  be modified 
as i n  Equation ( 5 ) .  This gives the following equation f o r  methane yield:  

Note t h a t  t h i s  equation indicates tha t  methane yield i s  dependent upon r e -  
sidence t i m e ,  but i n  an unusual and unexpected way. 

t o  express the  relat ionship of Equation ( 6 )  i n  a form convenient f o r  graphi- 
ca l  display. However, cer ta in  f i rs t  order simplifications and approximations 
can be made. 

Because both parameters b and k depend on temperature, it i s  d i f f i c u l t  
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Thus, i f  we make the  following approximation 

e-kT ? 1  - kT, 

Equation (6) can be wri t ten i n  the  following form: 

(7) 
kT[a + b ( 

Furthermore, i f  we note that the  group (*) i s  re la t ive ly  insensi-  
1 

I 

t i v e  t o  the  p a r t i a l  pressure of hydrogen i n  t h e  range of experiments con- 
ducted, then Equation (7) becomes 

Thus, a plo t  of 

(s) (e,) versus - 7 
1-MY 

should give a s t ra ight  l i n e ,  provided temperature is constant. Figure 4 is  
such a p lo t  f o r  those Pittsburgh seam coal t e s t s  whose e x i t  temperature was 
i n  the range 1720 t o  1800 F. Although Eqm-tion 
(8) i s  the  r e s u l t  of a number of assumptions and mathematical simplifica- 
t ions,  it does provide a format f o r  displaying and correlat ing t h e  PEDU 
methane yield data.  
i n  the d i rec t  methanation process i s  destroyed i n  i t s  passage through the 
remainder of the  PEDU. The percent decomposition indicated by Equation (8) 
ranges from 10 percent a t  t h e  low residence t i m e  t e s t s  t o  25 percent at the  
high residence t i m e  tests. 

The trend is  unmistakable. 

I n  addition these data do suggest t h a t  methane formed 

If the  correlat ing l i n e  i n  Figure 4 i s  extrapolated t o  zero residence 
time, a value is obtained f o r  the  b parameter i n  the methane yield equation: 

b = 0.0165 

An extension t o  higher temperatures of t h e  Arrhenius p l o t  f o r  b obtained by 
Zahradnik and Glenn shows t h i s  value t o  correspond t o  a temperature of 
2240 F‘6. This i s  probably a reasonable estimate of t h e  mean reaction 
temperature of t h e  methanation process taking place i n  the  PEDU, when the  
e x i t  temperature is between 1720 and 1800 F. 

A t  a temperature of 2240 F, the  methane decomposition correlat ion 
(Figure 3)  gives a value f o r  k7 of 0.085. 
decomposition t e s t s  was 7.5 seconds, so t h a t  a k value can be calculated.  

The residence t h e  i n  the methane 

k = -  sec” = 0.0113 sec” 
7.5 

A k value can also be obtained f’rcnu t h e  gas i f ica t ion  t e s t s ,  since fYom 
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The value of  this slope 
gen partial pressure is 

is 0.000275. 
15 ah, the value of k can be calculated: 

If b = 0.0165 and t he  average hydro- 

0.0002‘75 set" o.olg sec-l 
0.08 + 0.01b5 (151 

(15) 
k =  

This value, 0.0126 sec”, i s  remarkably close t o  t h e  value of 0.0113 
sec-’ a t  2240 F estimated from the  methane decomposition tests. 

I 

I 

, contact time: 

A complete and consistent model for  methane production i n  t h e  PEDU may 
now be given. The following equation can be wri t ten f o r  any temperature and 

I 

I 

t 

For a given react ion temperature, b can be estimated from the  paper by 
Then a p lo t  of Zahradnik and Glenn” and k from Figure 3 and Equation (5). 

reduced methane y ie ld  per  atmosphere of hydrogen p a r t i a l  pressure as a 
function of reduced residence time can be constructed, as i n  Figure 5. 
Notice tha t  as  temperature increases, the decomposition r a t e  increases, 
thereby reducing the  contact t i m e  required t o  destroy t h e  methane. 
over, fo r  a given residence time, there  i s  a “best” temperature at which t o  
operate, best i n  t h e  sense of yielding the highest methane y ie ld  per atmos- 
phere of hydrogen p a r t i a l  pressure. This ”best” temperature i s  shown as a 
function o f  residence time i n  Figure 6 .  

More- 

The results shown i n  Figures 5 and 6 are spec i f ic  t o  the  PEDU operation 
and involve numerous assumptions. Moreover, the  temperature values are 
estimated react ion temperatures which combine the t o t a l  e f fec t  of temperature 
prof i les  and gas mixing pat terns .  A s  in  a l l  the  correlat ions presented here, 
they should be regarded as phenomenological and suggestive--not a s  the  con- 
sequences of s t r i c t  mechanisms. Nonetheless, they do underscore the e f f ec t  
o f  residence t i m e  and temperature on the  y ie ld  from Stage 2. 

STEAM-CARBON REACTION 

The yield of carbon oxides from coal i n  Stage 2 has been a t t r ibu ted  t o  
the steam-carbon react ion and water-gas s h i f t .  

C + & O - t C O + &  

co + & O  +Co, + & 
i 
1 
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The r a t e  of production, under Stage 2 conditions, is t o  a f i r s t  order 
approximat ion 

where k' is  an effective r a t e  constant.  Proper integrat ion of t h i s  equation 
would have t o  take into account the temperature and composition paths,  which 
a r e  unknown. 
appropriate integrated equation, t h e  following expression i s  obtained 

However, if ou t l e t  conditions are used t o  approximate the  

where CY = f rac t ion  of carbon i n  coa l  gasif ied t o  carbon oxides. 

Figure 7 i s  a plot of t he  na tura l  logarithm of t h e  carbon oxide y ie ld  
expression from Equation (9) versus reciprocal  ou t le t  temperatures for  a l l  
t h e  data fo r  Pittsburgh seam coal. The overa l l  f i t  is f a i r l y  good, indica- 
t i n g  tha t  the various assumptions required t o  a r r ive  at  Equation (9) are  
not unreasonable. 

GASIFICATION PHYSICS 

The physical processes taking place during entrained gasif icat ion a re  
as complex as  the chemical ones. 
have t o  include the  expansion of t h e  j e t  of coal in to  the  hot synthesis gas, 
par t ic le -par t ic le  co l l i s ions ,  p a r t i c l e  heat up, e tc .  Many of these physical 
processes have been examined by BCR i n  an attempt t o  understand entrained 
gas i f ica t ion .  However, i n  t h e  l i g h t  of t h e  previous discussion coxxerning 
t h e  recirculat ion reformers s e t  up by the  coal feed, t h e  most s ignif icant  
physical  process affect ing methane yield i s  the mixing between the coal feed 
and hot Stage 1 gases. 

Although it i s  not possible  t o  predict  or even in fe r  the  exact mixing 
pat terns  i n  Stage 2 o f t h e  PEDU, some insight  in to  these flow pat terns  can 
be obtained b y  considering ce r t a in  ideal ized conditions. 
pansion of t he  coal feed jet  in to  Stage 2 i s  considered, the  f lu id  mechanics 
of turbulent j e t s  predicts  that the coal stream would s t r ike  the  w a l l  a t  a 
dis tance Xp'" 9 1 4  , where 

Complete modelling of t he  physics would 

If only the  ex- 

5 = 5.85. L 

and 2 L i s  t h e  Stage 2 diameter (f t) .  
influence from the Stage 1 gases, t h e  coal  feed j e t  would s t r i k e  the wall of 
t h e  8-inch diameter PEDU about 2 f t  below i t s  entrance. 

I n  the absence of reaction or other 

A s  t he  coal feed j e t  slows down from i t s ' nozz le  veloci ty ,  it entrains  
surrounding f lu id  in  order t o  conserve i t s  a x i a l  mementum'and thereby s e t s  
up recirculat ion currents.  The mass r a t e  of material  recirculated,  %, per  

216 



0 . 0  

0 

i 

W 

i 

3 

: 

v! 
t 

s 
t 

a 

E 
c 
C 
a 
r 

C 

z 

c 

- 
c 

a 
a 
0 

C 
C 
L 

- 

C 
I 

* E  
0 :  - .: 
x u  
c 
I 
& 

Y 
& 
3 
c 
U 
& 

n 
s 
Y 

Y 
c 
c 
Y 
d 
c 

0’ 

: 
4 
4. 

& 

U 
W 
& 

E 

217 



mass rate of material fed, mo, can be estimated f'rom the  following equation 
proposed by Thring14. 

% 0.47 
0.5 - = - -  

m O e  
Where 

and pa = densi ty  of surrounding, f l u i d  ( l b / f i 3 )  

G = m, x vo = mass veloci ty  at nozzle (fi lb / seca)  

Typical values for  PEDU operation are:  

pa 

mo 

vo = 50 f't/sec 

G - 50 f t  lb/seca 

= 

= 100 lb/hr = 3;5 lb/sec 

0.6 l b / f t 3  (22 molecular weight gas, lox) psia ,  2700° R )  
1 

- 3  
Hence 

And a typ ica l  recirculat ion r a t i o  is: 

m r  0.470 
- =  - 0.5 = 6.4 mo 
Operation a t  t h i s  r a t i o  would r e s u l t  i n  the  f i r s t  two fee t  of Stage 2 

being f a i r l y  wel l  mixed. 
gins at a distance Xn," 

According t o  Thring, recirculat ion into t h e  j e t  be- 

= 6.25 8 L 

which i n  t h i s  case i s  1.7 inches. 
a distance X1, 

Entrainment in to  the  j e t  continues until 

X1 = 3.12 (0.94 1. 0 )  L 

which i s  about 13 inches. 
reaching a maximum at about 16 inches. 

From t h i s  point onward disentrainment occurs, 

These dimensions a re  summarized on Figure 8, which i s  a schematic of  
t he  PEDU. 
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The high recirculat ion rate and t h e  fac t  t h a t  entrainment is  taking 
place in t h e  region where t h e  hot Stage 1 gas enters  Stage 2 indicate  tha t  
product decomposition could occur i n  t h e  PEDU. And as w e  have seen i n  t h e  
previous section, t h i s  does indeed occur. 

When Stage 1 and Stage 2 a r e  operating i n  concert, t h e  mixing pat terns  
a re  unquestionably more complicated. The Stage 1 zone is  18 inches long 
and i t s  diameter i s  6 inches. 
on the b a s i s  of cold jet mixing, that t h e  Stage 1 gases would s t r i k e  t h e  
w a l l s  of t h e  sidearm j u s t  p r i o r  t o  t h e i r  entrance in to  Stage 2. However 
it has been reported t h a t  the  j e t  half-angle i n  a furnace flame i s  about 
4-1/4 degrees. 
chamber walls, 5, would be','' 

For these dimensions, it might be expected, 

A t  t h i s  angle t h e  distance for  t h e  j e t  t o  s t r i k e  the  Stage 1 

5 = cot (8.5") (3') = 20" 

Since t h i s  distance exceeds t h e  length of the  Stage 1 Zone, recircula- 
t i o n  i n t o  Stage 1 f r o m  Stage 2 would be expected. 
ments, it must be concluded t h a t  t h i s  would include both product gas and 
char. In  actual  fact ,  considerable insuff la t ion in to  Stage 1 did occur, 
since extensive s l a g  deposits were observed along t h e  e n t i r e  bottom of t h i s  
zone. With t h i s  concept o f  PEDU circulat ion i n  mind, some tests were con- 
ducted i n  which hydrogen was used for  coal t ransport .  Low pressure oper- 
a t ion  w a s  a l so  employed. I n  these cases, nozzle ve loc i t ies  exceeded 
100 f t / sec ,  and i n  some cases approached 300 f t / sec .  
port  ional t o  

From the  previous argu- 

Since 0 i s  pro- 

and i f  a l l  other variables were held constant, an increase i n  nozzle veloci ty  
t o  200 f t / s e c  would decrease 0 from the  previously considered value by a 
fac tor  of 1 /2  t o  8 = 0.035. 
then would become 

Using t h i s  value, the mass recirculated r a t i o  

m 
m0 
2 = 12.9 

The locat ions of t h e  entrainment and disentrainment areas would remain r e -  
l a t i v e l y  t h e  same and, ideal ly ,  t h e  jet  would s t r i k e  the  Stage 2 chamber 
walls at about the  same 2-ft l e v e l .  

Under such operation, one would expect t h a t  a considerably higher degree 
of backmixing or recirculat ion would occur, although, of course, the average 
residence time of  t h e  gases i n  t h i s  par t  of  the  reactor  would be dictated by 
overal l  flow rates. It is  possible t h a t  the  considerable backmixing leads 
t o  a higher inventory of char, par t icu lar ly  in  the  high temperature region 
exposed d i r e c t l y  t o  Stage 1 input .  This would lead t o  proportionately 
higher char gasif icat ion ( t o  carbon oxides) than i n  l e s s  well-mixed t e s t s .  

Figure 9 presents t h e  r e s u l t s  of t h e  high nozzle veloci ty  t e s t s  for 
Pittsburgh seam' coal.  It can be seen tha t  the carbon oxide yields  are  in-  
deed higher than expected. 
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The methane yields  f o r  these t e s t s  correlated i n  the  same way as did 
those f o r  t he  lower nozzle ve loc i ty  t e s t s  and a r e  included i n  Figure 4. 
This i s  as expected since t h e  r e a c t i v i t y  of char t o  d i r e c t  methanation by 
hydrogen i s  considerably l e s s  than the ac t ive  form of carbon produced i n  
t h e  i n i t i a l  heat-up o f  coal. Consequently, a higher char inventory, even 
i n  t h e  high temperature region, would not produce higher methane yields .  

DISCUSSION 

It must be remembered that t h e  r e s u l t s  and correlations expressed i n  
t h e  previous sections are spec i f ic  t o  t h e  geometry and conditions of t h e  
PEDU. They do not represent fundamental l imitat ions on the  entrained gasi-  
f ica t ion  of coal,  but are t o  be taken as guidelines t o  basic understanding 
of the process. Thus, i f  t h e  flow pat terns  s e t  up by the PEDU geometry re-  
s u l t  i n  destruction of a portion of  the  methane, it should be possible t o  
a l t e r  t h i s  geometry t o  improve methane yields .  For example, i f  the  coal 
feed nozzle were lowered i n t o  Stage  2, t h e  back mixing of coal and product 
gases in to  t h e  hot ter  regions of t h e  g a s i f i e r  would be reduced. 

I n  order t o  t e s t  t h i s  idea, arrangements were made t o  extend the  coal 
feed nozzle t o  various lengths inside Stage 2. The best  locat ion of those 
tes ted  occurred with t h e  nozzle one inch below t h e  Stage 1 center l i n e .  
With Pit tsburgh seam coal as feedstock and t h e  nozzle i n  t h i s  posit ion,  a 
methane y ie ld  of 25 percent was obtained for  an o u t l e t  hydrogen p a r t i a l  
pressure of 16 atmospheres. This exceeds t h e  correlat ion established f o r  
the  or ig ina l  nozzle posit ion shown i n  Figure 10 and emphasizes the import- 
ance of proper flow pat terns  i n  Stage 2. 

Carbon oxides yield f o r  t h i s  nozzle posi t ion was l e s s  than expected 
from e a r l i e r  correlations,  as shown in Figure 11. I n  this case, the  product 
methane and char which were recirculated would have been exposed t o  l e s s  
severe temperatures and hence contributed l e s s  t o  the yield of carbon oxides. 

The correlat ions discussed i n  the  previous sections can therefore be 
viewed as  conservative. With proper design t o  avoid recirculat ion of pro- 
duct methane in to  zones o f  high temperature, the next generation two-stage 
g a s i f i e r  can be expected t o  produce methane yields  i n  excess of those ob- 
tained i n  the  PEDU. 

The PEDU t e s t s  discussed here have provided considerable information on 
t h e  e f f e c t s  of temperature and residence time on the process. We have shown 
i n  t h i s  paper tha t  simple ideas of gasif icat ion chemistry and physics can be 
combined in to  expressions adequate for correlat ing these data. Extrapolation 
of these expressions gives estimates f o r  the  methane yields  which might be 
obtained from the  entrained gas i f ica t ion  of coal. For example, the  extra- 
polations of Figure 6 indicate  that i f  residence times could be l imited t o  
2 seconds and ef fec t ive  temperatures of 2800 F were at ta ined while maintain- 
ing 20 atmospheres of hydrogen p a r t i a l  pressure,  methane y ie lds  of 38 per- 
cent could resu l t .  Even a t  e f fec t ive  temperatures o f  2240 F, which we know 
we can achieve, methane yields  i n  excess of 30 percent could be obtained if 
residence times could be kept t o  1 or 2 seconds. 
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Whether the  exact nature of the  rapid,  high temperature gasif icat ion of 
coal i s  properly captured by the correlations of t h i s  paper t o  allow such 
extrapolations t o  be val idly made i s  of course open f o r  discussion. Whether 
gas i f ie rs  with proper geometrics can be designed t o  a t t a i n  these high yields  
remains t o  be seen. 
paper, the  promise i s  there.  

But on the basis  of t h e  analysis proposed in t h i s  
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KINETICS O F  BITUMINOUS COAL CHAR GASIFICATION 
WITH GASES CONTAINING STEAM AND HYDROGEN 

by 

J. L. Johnson 

Insti tute of Gas Technology 
Chicago, Illinois 60616 

INTRODUCTION 

Correlat ions to  quantitatively define the effects of pertinent intensive 

var iables  on the kinetics of coal  o r  coal  char  gasification react ions a r e  
. necessary  fo r  the rational design of commercial  sys tems to  convert  coal  

to pipeline gas. 

development of such cor re la t ions  is relatively limited, particularly because 

the data reported f rom many s tudies  conducted with integral  contacting 

sys tems reflect ,  in par t ,  undefined physical and chemical behavior peculiar 

to  the specific experimental  sys tems used. Although some differential r a t e  

data have been obtained with var ious carbonaceous mater ia ls ,  they cover 

only narrow ranges of the conditions potentially applicable to commercial  

gasification systems.  

The available information, which can be applied to the 

During the last severa l  years ,  the Institute of Gas Technology (IGT) has  

been conducting a continuing study to  obtain fundamental information on the 

gasification of coa ls  and coal  chars ,  which could be used, along with selected 

information in the l i terature ,  to  develop engineering correlat ions which 

quantitatively define the e f fec ts  of intensive var iables  on gasification r a t e s  

over a wide range of conditions applicable to a variety of conceivable gasifi- 

cation processes .  

time a r e  pr imar i ly  applicable to bituminous coal cha r s  prepared at mild o r  

severe  conditions in  e i ther  i ne r t  or  oxidizing atmospheres.  

achieved some success  i n  applying these correlat ions to the gasification of 

subbituminous and lignite coals  for  limited ranges of conditions, the gasifica- 

tion kinetics of such materials have shown wide deviations f rom predictions 

of the correlat ions a t  lower tempera tures  and during init ial  s tages  of 

gasification. 

The models  and correlat ions developed a t  the present  

Although we have 

I 

I 

r 
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i The objective of this paper is a )  to discuss  the models which have been 

developed; b) to present  the correlat ions derived f rom these models; and 

c) to demonstrate the consistencies between predictions of these correlations 

and various experimental  gasification data obtained pr imar i ly  with bituminous 

coal chars .  
models f rom two main sources .  

tion to the gasification of devolatilized coal char  in hydrogen and steam- 

hydrogen mixtures  was  based both on data obtained in  a n  extensive study 

conducted at IGT with a high-pressure thermobalance apparatus and on 

differential r a t e  data obtained by investigators at the Consolidation Coal 

Company for  the gasification of Disco char  in  a small-scale  fluid bed. 9 ,  ''3 l 9  

Then, the model was  extended to  apply to the gasification of char  containing 

volatile mat te r  and to gasification with gases  containing carbon monoxide, 

carbon dioxide, and methane, a s  well a s  s team and hydrogen, using data 

obtained pr imari ly  in the thermobalance study. 

We obtained the experimental  information used in developing the 
Initial development of the model for applica- 

The thermobalance has  been a particularly useful tool for  obtaining funda- 

mental  gasification information, since with this type of apparatus,  gasification 

ra tes  can be measured  at constant, well-defined, environmental conditions. 

Since a major  amount of the information used i n  the formulation of the kinetic 

models developed, was based on data obtained in  severa l  hundred tes ts  con- 

ducted with the thermobalance,  a brief description of this apparatus i s  given 

below. 

EXPERIMENTAL 

The thermobalance is an apparatus  capable of continuously weighing a coal 

sample which i s  undergoing reaction in a gaseous environment of desired 

composition at a constant pressure .  The temperature  can  ei ther  be kept 
constant o r  var ied.  

a t  IGT. ) The nature  of gas-solid contacting with the apparatus  used in this 

study i s  shown in  Figure 1. 

of a wire-mesh basket bounded on the inside by a hollow, s ta inless-s teel  tube 

and on the outside by a wire  mesh  screen.  

t ransfer  between the bed and its environment, the thickness of the bed is only 

2 - 3  particle d iameters  when using -2Ot40 USS s ieve-size  particles.  Gas flow 

ra tes  used with this system a r e  sufficiently la rge  relat ive to gasification r a t e s ,  

that gas  conversion i s  limited to  l e s s  than 1 '% for  devolatilized coal char .  

(10 "F /min  i s  the maximum ra te  fo r  the apparatus used 

The coal sample i s  contained in  the annular space 

To facil i tate mass and heat 

2 2 9  
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The following i s  a typical t e s t  procedure: The wire  mesh  basket is 

initially in an upper cooled portion of the reac tor  in which a downward, iner t  

gas  flow is maintained. 
conditions a r e  established in a lower heated portion of the reac tor  in the 

presence of a flowing gas. A t e s t  is initiated by lowering the basket into 

the heated reaction zone, a procedure which takes  5 - 6  seconds. 

computation indicates that about 2 minutes a r e  required for  the sample to 

achieve reac tor  temperature ,  a s  measured by severa l  thermocouples 

surrounding the basket in the reaction zone. 

corroborated by various kinetic indications and by the behavior of the thermo- 

couples in reattaining their  p re se t  temperatures .  

heated portion of the reac tor  fo r  the specified time while its weight is con- 

tinuously recorded.  

upper, cooled portion of the reac tor .  

During this time the desired temperature  and p res su re  

Theoretical 

This computation i s  reasonably 

The sample is kept in the 

The tes t  is terminated by raising the basket back to the 

/ 
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During a test, the dry feed gas flow ra t e s  a r e  measured by orifice me te r  

and the dry product gas flow ra t e s  by a wet-test me te r .  

of product gas a r e  taken to determine the dry gas '  composition by m a s s  
spectrograph. Feed and product s team flow r a t e s  are measured by gravi- 

me t r i c  means, and the solids residues a r e  analyzed for  total  carbon and 
hydrogen. 

Periodic samples 

Figure 2 shows some typical, smoothed, weight loss-ver sus-time charac-  
ter is t ics  obtained using an air-pretreated hvAb Pittsburgh coal char f rom the 

Ireland mine. These curves a r e  discussed i n  m o r e  detail in a subsequent 
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Figure 2 .  TYPICAL WEIGHT-LOSS CURVES OBTAINED WITH THE 
HIGH-PRESSURE THERMOBALANCE FOR GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR IN 
HYDROGEN AND IN NITROGEN 

section of this paper. 

in the experimental study, i s  given in Table 1. 

The composition of the coal char,  used extensively 
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Tehls  1. COMPOSITION O F  AIR-PRETREATED hvAb 
PITTSBURGH NO. 8 COAL CHAR (Ireland Mine) 

Ultimate Analysis, d ry  

Carbon 

Hydrogen 

Oxygen 
Nitrogen 

Sulfur 

Ash 

Total 

Proximate Analysis, 

Fixed Carbon 

Volatile 

Ash 

Total  

wt % 

7 1 .  1 

4 . 2 6  
8. 85 
1 . 2 6  
3 . 6 4  

10.89 

100.00 

6 0 . 7  
2 8 .  4 

10.9 

100.0 

DESCRIPTION O F  KINETIC MODELS 

'When a coal o r  coal char  containing volatile ma t t e r  is initially subjected 

to an elevated temperature,  a s e r i e s  of complex physical and chemical changes 

occur i n  the coal ' s  s t ructure  accompanied by thermal  pyrolysis reactions, 

which resul t  in devolatilization of certain coal components. 

of the evolved products of the reactions,  which initiate a t  l e s s  than 700 OF and 

can be considered to occur a lmos t  instantaneously at temperatures  greater  

than 1300 "F. is generally a function of the temperature ,  p re s su re ,  and gas  

composition existing during devolatilization and of the subsequent thermal  and 

environmental history of the gaseous phase (including entrained liquids) pr ior  

to quenching. 

The distribution 

When devolatilization occurs  i n  the presence of a gas containing hydrogen 

a t  a n  elevated p res su re ,  in addition to thermal pyrolysis reactions, coals o r  

coal chars  containing volatile ma t t e r  a lso exhibit a high, although transient, 

reactivity f o r  the formation of methane. 

suggested that this  process  occur s  concurrent with thermal  pyrolysis reactions, 

Although some investigators have 
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resu l t s  of studies made with a grea te r  time resolution indicated that this 

rapid-rate methane formation occurs  at a r a t e  which is at leas& an o rde r  of 

magnitude slower than devolatilization. 7 r  '' In this  sense it occurs consecu- 

tively to devolatilization. 

The amount of carbon gasified to methane during the t ransient  period of 

high reactivity increases  significantly with increases  in hydrogen par t ia l  

pressure.  7 9  1 3 8  l7 Experimental  evidence indicates that, at sufficiently high 

hydrogen par t ia l  p re s su res ,  virtually all of the carbon not evolved during 

devolatilization can be gasified to  methane during a very  short  t ime period 
by this process .  l3 

that only a limited amount of carbon can be gasified in  this reaction stage, 

regardless  of the hydrogen par t ia l  p ressure .  3,  l6 

This is contrary to some proposed models, which assume 

At temperatures  grea te r  than 1700 "F, the t ransient  reactivity for rapid- 

ra te  methane formation ex is t s  for a very  shor t  period of t ime. 

or  coal chars  prepared in  iner t  a tmospheres ,  this period l a s t s  only seconds 

o r  less .  l3  IGT's  studies suggest that fo r  a i r -pre t rea ted  coal chars ,  this 

period is m o r e  extended, although the total  amounts of carbon which can be 

gasified by this process  at a given tempera ture  and hydrogen par t ia l  p ressure ,  

a r e  comparable for  coals and coal cha r s  prepared at sufficiently low tempera-  

tu res  either in iner t  gas o r  in  a i r .  

For  coals, 

After the devolatilization and rapid-rate  methane formation s tages  a r e  

completed, char gasification occurs  a t  a relatively slow rate,  and various 

models to descr ibe the gasification kinetics of this mater ia l  for various 

limited ranges of conditions have been proposed. 

reaction of devolatilized coal chars  are a function of temperature ,  p ressure ,  

gas  composition, carbon conversion, and "prior history.  ' I  

General Assumptions in the Development of Models 

The differential ra tes  of 

The models developed in this study for  the quantitative description of coal 

char  gasification kinetics assume that the overa l l  gasification process  occurs  

in  three  consecutive stages:  

mation, and 3 )  low-rate gasification. The react ions in these three s tages  are  

independent. Further ,  a feed coal char  contains two types of carbon, volatile 

carbon and base carbon. 

1 )  devolatilization, 2 )  rapid-rate  methane for -  
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Volatile carbon can be evolved solely by thermal  pyrolysis, independent 

The distribution of evolved products derived f r o m  of the gaseous medium. 

the volatile carbon fract ion i s  not defined in the model. 

of the model to  a n  integral contacting system, the devolatilization products 

a r e  estimated by extrapolation o r  interpolation of yields obtained in pilot- 

scale  fluid o r  moving-bed sys tems.  

narrow ranges of conditions and only for  very  similar contacting systems. 

In any application 

This procedure can be applied for 

Base carbon remains in the coal  char  af ter  devolatilization is complete. 

This  carbon can be subsequently gasified either in the rapid-rate  methane 

formation stage o r  in the low-rate  gasification stage. 

A quantitative estimation of t he  init ial  amounts of volatile and base carbon 

i s  made f rom standard analyses  of the feed coal char .  

tion has  been made: 

Cv (volatile carbon), g /g  of feed coa l  = C (total carbon), g /g  of feed coal 

The following defini- 

0 

t 
0 - Cb (base carbon),  g /g  of feed coal (1) 

where  Co represents  the total  carbon in the feed coal char t 
ult imate analysis  

of the feed coal  a s  determined in  a proximate analysis.  

C i  does not equal the fixed carbon fraction, since the fixed carbon fraction 

includes, in  addition to  carbon, other  organic coal  components not evolved 

during s tandard devolatilization. 

obtained f rom a n  

and Co r ep resen t s  the carbon i n  the "fixed carbon" fraction b 
It is emphasized that 

Experimental  resul ts  f r o m  thermobalance o r  free-fall  t es t s  conducted a t  

IGT indicate that the assumption of a constant volatile carbon fraction is valid 

for  coal heat-up ra tes  a s  high a s  200 "F/s.  However, other studies conducted 

with extremely rapid heat-up r a t e s  ( l o 4  to l o 7  "F/s)  have shown that quantities 
of carbon evolved during thermal  pyrolysis  can exceed the volatile carbon 

fract ion defined in  this model. b *  

carbon would, therefore,  have to  be made in  sys tems employing such high 
heating ra tes .  

An allowance fo r  the increase in  evolved 

The base  carbon conversion fraction, X, is defined a s :  

c; - Cb 

c;: 
= base carbon gasified - 

base carbon in  feed coal  char  - 
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where 

\ 

C = base carbon in  coal char a t  an  intermediate level of 
gasification, g / g  feed coal char 

When making a kinetic analysis of the thermobalance data, it was neces- 

s a ry  to re la te  the measured  values of weight-loss fraction, AW/Wo, to the 

base carbon conversion fraction, X. When devolatilixation is complete, 
essentially all of the organic oxygen has  been gasified. 

weight loss, which pr imar i ly  resu l t s  f rom gasification of the base carbon, is 

accompanied by the evolution of a constant f ract ion of noncarbon components 

i n  the coal such a s  nitrogen, hydrogen, and sulfur. Es t imates  of an average 

value of the fraction of noncarbon components gasified along with the base 

carbon for each type of coal char  tested,  have been based on analyses  of char  

res idues obtained in  thermobalance and pilot- scale fluid-bed tes t s .  

this simplifying as  sumption, the following relationships result :  

Thereaf ter ,  additional 

With 

0 Cb = (1 - V - A ) ( l  - y )  

and 

where 

V = volatile mat te r  i n  feed coal char  (including moisture) ,  
g/g feed coal  char 

A = nongasifiable mat te r  in feed coal char  (including a s h  and some 
sulfur), g /g  feed coal char  

y = noncarbon ma t t e r  evolved along with base carbon, 
g/g base carbon evolved 

Thus, f rom Equations 2 ,  3,  and 4 - 

(AW/Wo)  - V 
1 - V - A  X =  (5) 

The resu l t s  shown in Figure 2 can be interpreted by the three  reaction 

s tages  defined above. 

Ireland mine coal char was exposed to a nitrogen atmosphere a t  a p re s su re  

of 500 psig. 

Curve A corresponds to a t e s t  i n  which a i r -pre t rea ted  

During the f i r s t  minute when the sample i s  heating up in the 
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thermobalance, the weight l o s s  corresponds to the evolution of volatile 

mat te r .  After this period, no fur ther  significant weight l o s s  occurs .  The 

total weight l o s s  of approximately 26 % corresponds closely to the volatile 
mat te r  in the feed coal char  obtained by standard proximate analysis. 

Within the context of the three  reaction s tages  defined, weight l o s s  in this 

t e s t  occurs  ent i re ly  in  the devolatilization stage, where a l l  of the volatile 
carbon has  been gasified; a l l  of the base  carbon remains in the devolatilized 

coal char. When the cha r  resulting f rom this t e s t  is then exposed to hydro- 

gen at 500 psig (curve B), the reaction of the hydrogen with base carbon to 

fo rm methane resu l t s  in fur ther  weight loss.  

place a t  a much lower rate than devolatilization, occurs  in  the low-rate 

gasification stage. With this par t icu lar  sample, there  was no reaction in 

the rap id- ra te  methane formation stage because the reactivity of the coal 

char  in th i s  stage was destroyed during prolonged exposure to nitrogen. 

This  reaction, which takes  

Weight l o s s  a s  a resu l t  of the reaction in  the rapid-rate  methane forma- 

tion stage is illustrated by curve  C, where a sample of the original coal char  

was  exposed only to hydrogen at 500 psig with no initial exposure to nitrogen. 

There is a weight loss  during the f i r s t  minute of this t e s t  which is considerably 

g rea t e r  than the corresponding weight l o s s  obtained during this period when 

the coal char  was exposed to nitrogen (curve A).  

of weight loss between curves  C and A during the f i r s t  minute, o r  so, i s  
caused by gasification of base carbon in the rapid-rate methane formation 

stage. 
initial period a r e  negligible. 

carbon gasification in the rap id- ra te  methane formation stage and in the low- 

r a t e  gasification stage occur  consecutively. 

The difference in the amount 

Weight losses  of the magnitude exhibited by curve B during this 

This  is consistent with the assumption that base 

Curve D is qualitatively similar to  curve C, except that there  is a grea ter  
weight l o s s  f rom rapid- ra te  methane formation resulting f rom the higher 

hydrogen pressure .  

236 



Correlations for  Rapid-Rate Methane Formation Stage 

The amount of base carbon gasified during the rapid-rate  methane forma-  

tion stage can be estimated by the base carbon conversion level, XR, ob- 

tained f rom weight loss-versus- t ime charac te r i s t ics  2 minutes af ter  a 

sample i s  lowered into the reactor .  As indicated previously, this corresponds 

to the t ime required fo r  coal heat-up. During this period negligible conversion 

occurs  in the low-rate gasification stage, although devolatilization and rapid- 

ra te  methane formation reactions should be complete at temperatures  above 

approximately 1500 "F .  

par t ia l  pressure,  P 

in tes t s  conducted at a variety of conditions: 

Values of XR have been correlated with hydrogen 
according to the following expression for data obtained 

H,' 

where 
\ 

PH2 

f R  

= hydrogen par t ia l  p ressure ,  a tm 

= relative reactivity factor  fo r  rapid-rate  methane formation 
dependent on the par t icular  carbonaceous solid. 
unity fo r  a i r -pretreated Ireland mine coal char .  ) 

(Defined a s  

o! = kinetic parameter  dependent on gas  composition and p res su re  

The value of Q in the above expression is approximately 0. 97 for  tes t s  con- 

ducted in pure hydrogen o r  in hydrogen-methane mixtures ,  and is approxi- 

mately equal to 1 . 7  for  a wide var ie ty  of gas  compositions containing s team 

and hydrogen. This parameter  will  be discussed in grea te r  detail  in a la te r  

section on the low-rate gasification stage.  It i s  of in te res t  here ,  however, 

that for  the case  where cy = 0.97, then M(X ) E - ln(1 - X ) R -  R '  
In Figure 3,  a plot of the function, M(XR), versus  hydrogen par t ia l  p ressure ,  

for a number of tes t s  conducted on the thermobalance with a i r -pre t rea ted  P 

Ireland mine coal char ,  shows the good agreement  between these data and the 

correlation fo rm given in  Equation 6.  
ably applicable to the gasification of some coals, a s  well  a s  to coal chars .  

H2 ' 

Equation 6 a l so  appears  to be reason-  
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Data obtained by Birch, & , 
fluid bed and by Hiteshue, e t  a l . ,  l o  for  the hydrogenation of a hvAL FittsburgkA 

coal  i n  a fixed bed a r e  given in F igures  4 and 5 .  

used in treating the data f rom these two  investigations have beer, previoczly 

described." It i s  of practical in te res t  that reiatively small  variations in 

values of f R  & r e  exhibited by the different mater ia l s  considered. 

smal l  degrees  of variation have ale0 been noted for  severa l  other bituminous 

coal  cha r s  tested a t  IGT using the thermobalance. 

for the hydrogenation vf Brown coal in  a 

Details of the procedures  

Simiizr 

The  gasification of base carbon in the rapid-rate  methane formation stage 

is apparently only dependent on hydrogen par t ia l  p re s su re  

pendent on the par t ia l  p r e s s u r e s  of other gaseous species  normally present  

in gasifying atmospheres .  

and i s  not de-  

This is partly indicated in Figure 3 for t e s t s  
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conducted with hydrogen-methane and hydrogen-steam mixtures ,  and has  

a lso been observed with synthesis-gas mixtures .  In a sys tem containing 

no hydrogen, no evAution of base carbon occurs  except through gasification 
in the low-rate gasification stage. In Figure 6, this effect is i l lustrated for  

t e s t s  conducted with pure steam. 
difference in the weight-loss t r a c e s  for  a sample of a i r -pre t rea ted  coal char  

initially lowered into a s team atmosphere,  and one which was devolatilized 

in nitrogen pr ior  to  being exposed to the s team atmosphere.  This behavior 

can be compared to  resul ts  shown in F igure  2 for  similar tes t s  conducted in 

hydrogen. 

After the first few minutes,  t he re  is no 
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Figure  6. WEIGHT-LOSS CURVES OBTAINED IN HIGH-PRESSURE 

THERMOBALANCE FOR GASIFICATION O F  AIR-PRETREATED 
IRELAND MINE COAL CHAR IN STEAM AND IN NITROGEN 
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Although the effects of pretreatment  temperature  on reactivity in the 

rapid-rate  methane formation stage have not been systematically studied in 

this investigation, some indication is apparent f rom the resu l t s  given i n  

Figure 7. It shows total weight losses  fo r  mater ia l s  subjected to different 

pretreatments  in nitrogen obtained after gasification of air -pretreated coal 

char in hydrogen for  1 hour. Below 1000"F, no effect of the nitrogen pre-  

t reatment  is apparent on subsequent weight l o s s  i n  hydrogen. 

temperature ,  however, the total weight l o s s  for  mater ia l s  initially exposed 

to nitrogen tends to decrease  with increasing temperature ,  and above 

approximately 1500 "F, no rapid-rate  methane formation occurs  with these 

mater ia l s .  

Above this 

The correlat ion descr ibed by Equation 6 was developed based on data ob- 

tained f rom thermobalance t e s t s  conducted above 1500 "F, where coal char  

samples were  submitted to ra ther  specific heat-up rates character is t ic  of 

the experimental apparatus  (approximately 30 O F /  s) .  

correlat ion appears  to apply for  data obtained in other  experimental sys tems 

where heat-up r a t e s  a s  high a s  200 "F/s were  employed, suggests that, 

within a limited range of heat-up ra tes ,  base carbon conversion in the rapid- 

r a t e  methane formation stage is independent of heat-up r a t e  for  f inal  tempera-  

t u r e s  grea te r  than 1500 O F .  

reaction in the rapid-rate  methane formation stage goes to completion. At 

sufficiently low temperatures ,  the amount of base  carbon conversion which 

can be attributed to rapid-rate  methane formation, is l e s s  than that which 

would be predicted by Equation 6, even for  exposure to hydrogen for per iods 

a s  long a s  1 hour. 

in Figure 7. 

The fact that this 

This conclusion only appl ies  for  the case where 

This  is apparent f rom the resu l t s  shown for  curve A 

Data obtained in a s e r i e s  of experiments conducted a t  lower temperatures ,  

such a s  those i l lustrated in Figure 7,  have been cor re la ted  using a more  

detailed model to descr ibe the rapid-rate  methane formation process  pr ior  

to the completion of this reaction. 

publication. 

te r i s t ics  of this model which rationalize the independence of total base  

This model is descr ibed in a previous 

It is of in te res t  here, however, to  point' out cer ta in  charac-  

i 
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carbon conversion in  the rapid-rate  methane formation stage f rom heating 

ra te  and final temperature  for  tes ts  conducted above 1500 "F. 

cr i t ica l  s teps  assumed in  the model re la te  to this range of conditions: 

The following 

A. -+ A* 

A* -4 B 

(9 )  
A* 

base  carbon t hydrogen- methane 

This model, which i s  qualitatively similar to one proposed by Mosely and 

Patterson, l3  assumes  that the coal char  initially f o r m s  an active intermediate,  

A,, (Equation 7 )  which catalyzes  the reaction between base carbon and 

gaseous hydrogen to  form methane (Equation 9).  
competes with a reaction i n  which A, deactivates to f o r m  the inactive species,  

B (Equation 8). 

This reaction, however, 

The following expression is assumed to  descr ibe the r a t e  of reaction in 

Equation 9: 

where 

k,(T) = rate constant dependent on temperature ,  T 

= concentration of species,  A, mol /mol  of base carbon 
NA* 

t = t ime 

The ra tes  of reactions in Equations 7 and 8 a r e  assumed to be f i r s t  o rder ,  

leading to the expression - 

NA* 
d(NA t N ) /d t  = - k2(T) * 

* 
where,  

k2(T) = r a t e  constant, dependent on temperature  

= concentration of species,  Ao, mol  /mol  base  carbon 
N A O  
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Combining Equations 10 and 11 

If, then, it is assumed that the 

leads to the expression - 

(12) 
= - f R  +$+ pH:l - X) 2h exp(-aX2) 

ratio k,(T)/k,(T) i s  independent of temperature  
and is equal to 

expression fo r  the condition a t  which a l l  of the species A. has  been converted 

to B. 

then Equation 12 can be integrated to yield the following 

X- 

M(XR) =/, ' = f R B  * NA 0 P 
0 HZ 

Comparing this expression with Equation 6 indicates that BNo 

atm-'.  

development of Equation 13,  the suggested model indicates that the amount of 

base carbon conversion to methane during the rapid-rate  methane formation 

step i s  independent of heat-up r a t e  or temperature  level when the intermediate, 

A, has  been completely deactivated. 

Correlat ions for  Low-Rate Gasification Stage 

= 0 .0092  
AO. Since no definition of the temperature  history was required in the 

F o r  pract ical  purposes, coal cha r s  undergo low-rate gasification only 
a f te r  the devolatilization and rapid-rate  methane formation reactions a r e  

completed. Resul ts  obtained with the thermobalance indicate that, a t  tem- 

pera tures  g rea t e r  than 1500"F, char  reactivity over a major  range of carbon 

conversion in the low-rate stage is substantially the same whether devola- 

tilization occurs  in nitrogen, o r  i n  a gasifying atmosphere a t  the same  

conditions. Therefore, this study t r ea t s  low-rate char gasification a s  a 

process  essentially independent of devolatilization conditions, with one 

important exception: The tempera ture  of devolatilization, since it has  been 

shown in this study a s  wel l  a s  by Blackwood' that the reactivity of a char  a t  

a given temperature ,  T, dec reases  with increasing pretreatment  temperature ,  

To, when T =. T. This effect is  quantitatively represented in  the correlat ions 

presented below. 

ment  effects on gasification during initial s tages  of char  gasification, which 

0 
However, the model adopted does not account for  pre t rea t -  

, 

a 
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occur particularly a t  gasification temperatures  l e s s  than 1600 OF. 
lower temperatures ,  specific pre t rea tment  conditions such as  gas  a tmos-  

phere and time of pretreatment  produce somewhat complex effects during 

subsequent gasification for  base carbon conversions of l e s s  than 10 %. 
These limitations have no pract ical  significance in using the simplified 

model developed to descr ibe coal char gasification kinetics at higher tem-  

peratures ,  o r  for  base carbon conversion levels  sufficiently grea te r  than 

At these 

10 %. 

The gasification data of Zielke and Gorin”. I9 and Goring, et., obtained 

for  fluid-bed gasification of Disco char ,  a s  wel l  a s  the bulk of data obtained 

in IGT’s studies with the high-pressure thermobalance and pilot-scale fluid 

beds, were used to  evaluate pa rame te r s  in a quantitative model developed 

to describe coal char  gasification kinetics over a wide range of conditions 

in  the low-rate gasification stage.  

occur in gases  containing s team and hydrogen: 

Three  basic  reactions were  assumed to 

Reaction I: 

Reaction LI: 
Reaction ILI: 

Reaction I i s  the conventional s team-carbon reaction, which is the only one 

H20 t C ;r C O  t €3, 

2H2 t C ;r CH, 
H, t HzO t 2C e CO t CH, 

that occurs  in pure  s team at elevated p res su res*  o r  with gases  containing 

s team a t  low pressure .  Although, at elevated tempera tures  this  reaction is 

affected by thermodynamic reversibi l i ty  only for  relatively high s team con- 

versions,  the reaction i s  severely inhibited by the poisoning effects of 

hydrogen and carbon monoxide at s team conversions far  removed f rom 

equilibrium fo r  this reaction. 

by methane. 

Some investigators have a l so  noted inhibition 

Reaction 11, the only reaction that could occur i n  pure hydrogen o r  in 

hydrogen-methane mixtures ,  great ly  depends on the hydrogen par t ia l  p ressure .  

Many investigators have found that, at elevated pressures ,  the ra te  of this 

reaction i s  directly proportional to the hydrogen par t ia l  p ressure .  

* Although some methane has  been detected in gaseous reaction products 
when gasification is conducted with pure steam, it i s  uncertain whether 
this methane resu l t s  f rom the direct  react ion of steam with carbon o r  
f r o m  the secondary reaction of hydrogen, produced f rom the s team- 
carbon reaction, with the carbon in the char .  
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The stoichiometry of Reaction III limits i ts  occurrence to sys tems in 

which both s team and hydrogen a r e  present. Although this react ion is the 

stoichiometric sum of Reactions I and 11, this model  considers  it to be a 

th i rd  independent gasification reaction. 

to occur  in  the development of this model  to  facilitate correlation of ex- 

per imental  data, has  been suggested by Blackwood and McGrory4 a s  being 

necessary  in such a system. 

t o  cor re la te  kinetic data for  gasification of lignite at 1500 "F in  steam- 
hydrogen- containing gas  e s .  

This reaction, a rb i t ra r i ly  assumed 

Cur ran  and Gorin5 also assumed this reaction 

The correlat ions developed in this study to descr ibe  kinetics in the low- 

rate gasification stage a r e  summarized a s  follows: 

dX/dt = f L  kT (1 - X)2'3 exp(-QXZ) (14) 

where, 

k = k  t k  t k '  T I I I L U  

Here ,  kI, krr, and km a r e  r a t e  constants for  t h e  individual react ions con- 

sidered. It is assumed that  each of the three  react ions occur independently, 

but that the r a t e  of each is proportional to the same surface a r e a  and surface 

reactivity terms. The term (1 - X)" is proportional to the effective surface 

are? undergoing gasification, and the t e r m  exp(--crX2) represents  the relative 
reactivity of the effective surface a rea ,  which dec reases  with increasing 

conversion level  for  positive values of CY. 

Individual parameters  in Equations 14 and 1 5  a r e  defined a s  functions of 

tempera ture  and p res su re  according to the following expressions:  

f L  = fo exp (8467/To) 

k -  1 -  (17 1 
t-16.35 
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exp(2.67;i - 33,076/T) (1 - ) 
1 t P exp -10.4520 t 19,97d/T) kLI = 

H2 

I I ' \  

I 

I 

kIII = 

PCH4PC0 
E l  P exp(12.4463 - 44,544/T) 

PH,PH,OKIII - / . _  

$2 

H2 H2O 
~ - 

pCH4 \ ' 
i 1  t exp(4 .6696  t 15,198/T) /P:- t 0.85PC, t 18.62 p__ 

0. 521 PH H 7. 
52.7 PH 

' 10.707P 1 + 54.3 P 
7. 

t 0. 50 P ' / 2  P 
HZO H2 H2O H2 

ff = '  

where, 

E E E  KI , KII, KIU = equilibrium constants for reactions I, II, and III, 
considering carbon a s  graphite 

T = reaction temperature,  "R 

= maximum temperature  to  which char has  been exposed 
pr ior  to gasification, "R (if To < T, then a value of 

T 

TO 

= T is used in Equation 16) 
0 

'H,' 'H20' 

'CO' CH, P = partial  p re s su res  of H2, H20,  CO, and CH,, a h  

f O  
= relative reactivity factor for  low-rate gasification 

dependent on the par t icular  carbonaceous so l id  

Values of fo obtained in this study w e r e  based on the definition f o  = 1.0 

for a specific batch of a i r -pretreated Ireland mine coal  cha r .  Samples of 

this coal char obtained f r o m  different a i r -p re t r ea tmen t  t e s t s  exhibited some 
variations in  reactivity a s  determined by thermobalance t e s t s  conducted a t  

standard conditions. The values of f so determined, ranged f r o m  approxi- 

mately 0.88 to 1. 05. 

var ie ty  of coals  and coal cha r s  have indicated that the relative reactivity 

factor,  fo, generally tends to increase with decreasing rank, although 

0 
Results of t e s t s  made with the thermobalance using a 
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individual exceptions to  this trend exist. 

which range f r o m  0. 3 for  a low-volatile bituminous coal char  to about 10 for  

a North Dakota lignite. The reactivity of the Disco char  used in gasification 

studies conducted by the Consolidation Coal Company9* 

Values have been obtained 

‘9 is fo = 0.488. 

An integrated fo rm of Equation 14 was  used to evaluate cer ta in  pa rame te r s  

in  the above correlations,  based on  data obtained with the thermobalance. 

M(X) =/, ex +cwXz dX =CR -- +Jx -- 
XR 

xR =/, t f L k T t  

The t e r m i A R  was  evaluated f r o m  Equation 6 for t es t s  in 

which no nitrogen pretreatment  w a s  used. 

char  was initially devolatilized in nitrogen at the same temperature  and 

p res su re  to be subsequently used f o r  gasification in a gasifying atmosphere,  

reactivity for  rapid-rate  methane formation w a s  destroyed above 1500 “F 
and XR = 0. 

For tes ts  in  which the feed coal 

F o r  this condition- 

X 
M(X)  =lo = fLkT t 

Typical plots of M(X) ve r sus  t a r e  given in Figures  8, 9, and 10 for  data 

obtained with a i r -pre t rea ted  Ireland mine coal char.  

drawn correspond to values  of fLkT character is t ic  of each tes t .  

t e s t s  conducted with pu re  s t eam (Figure  8) were  correlated using ~1 = 0 

consistent with Equation 20 which corresponds to the qituation in which 

specific gasification ra tes ,  , increase with a n  increasing carbon 

conversion level. 
(F igures  9 and l o ) ,  however, specific gasification ra tes  generally decrease  

with increasing conversion level. 

The slopes of the l ines  

Resul ts  of 

d x  /at  

Fo r  gasification in hydrogen o r  steam-hydrogen mixtures  
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Carbon gasification r a t e s  were  directly measured in  the fluid-bed tes ts  

and O! can be obtained conducted with Disco char ,  9 *  

graphically by plotting values of In 

illustrated in Figure I1,where the value of #(- a t  X = 0 is equal 

to fLkT 

tions presented a r e  consistent with values of fLkT and IY obtained for the 

gasification of Disco char  at temperatures  of 1600 

of 1, 6, and 30 atmospheres for  gasification with pure hydrogen and with 

various steam-hydrogen mixtures.  The correlations a r e  a lso consistent 

with individual r a t e s  of methane and carbon oxide formation reported in the 

investigations conducted with Disco cha r  for  initial levels of carbon conver - 
sion. 

were  reported to increase somewhat with increasing conversion level, 

a trend not accounted f o r  in the model developed in this study, investigators 

a t  t he  Consolidation Coal Company have suggested that this effect was 

caused by a catalytic reaction downstream of the fluid-bed reactor  em- 

ployed, in which some of the carbon monoxide produced in the reactor  was 
converted to methane. 

I9 and values of f k L T  dX/dt 

dX/dt 
ve r sus  Xz. Such a plot i s  x 13 

and the slope of a given line is equal to 01. Generally, the co r re l a -  

and 1700 "F and p r e s s u r e s  

Although the relative r a t e s  of methane to carbon oxide formation 

The consistency between the calculated and experimental values of fLkT 
for  t e s t s  conducted a t  a var ie ty  of conditions with the thermobalance using 

air-pretreated Ireland mine coal cha r  i s  demonstrated in Tables 2, 3 ,  and 
4 and in Figures  12,  13, and 14. The correlat ions developed have a l so  been 

used to predict  behavior in pilot-scale moving- and fluid-bed t e s t s  conducted 

a t  IGT and elsewhere. 

of gas-solids contacting in these integral  systems have been previously 

described. l4 The most important assumptions made for fluid-bed systems 

a r e  a)  the g a s  in the fluid bed is perfectly mixed and b) when continuous 

solids flow i s  employed, the solids a r e  in plug flow. 

systems, we assumed that  both gas  and solids were  in  plug flow. 
these simplifying assumptions, the conditions of pr imary importance i n  

The assumptions made in characterizing the nature 

For  moving-bed 

With 

252 



J' 

L- 
A .  
c 

c1 

Y 
c 
rd 
Y z 
0 

0 
rd 
0: 

U 

Y 

U 
a 
d 
2 
U 

d 

U 

-i 

-i 

L) - 
I c 
.A 

E 

c 
0 _- 

m 
m 
u 
L 

m 
a 
0 
0 

0 

W 
a 
0 
0 

0 

* 
W 

0 
I 
0 

4 

In 

\c) 
-l 

0 
0 

2 

N m m  
- 4 -  
--e 
0 0 0  

0 0 0  
. . .  

e-r- 
- 4 - 0 ' .  

-4-0 
0 0 0  

0 0 0  
. . .  

-IN* 
*G-m 
m m a  
0 0 0  

0 0 0  

. . .  
I l l  

w e e  
aaa 
m m m  

. . .  

0 0 0  m m m  
aaa 
3 4 3  

o d m m m  
m a e a r -  
0 " N W "  
00000 

0 0 0 0 0  
. . . . .  

a e a N m  
o a e m e  
. -ANN-  
0 0 0 0 0  

0 0 0 0 0  
. . . . .  

. . . . .  
0 0 0 0 0  
I 1 . 1  I I 
0 0 0 0 0  

* 
0 0 0 0 0  
0 0 0 0 0  
er -ee r -  
- 4 - d -  

+ e m 9  
e e m e  
N N N N  
0 0 0 0  

0 0 0 0  
. . . .  

d * e N  
a e m e  
N N N N  
0 0 0 0  

0 0 0 0  
. . . .  

NN-Ilnoa - e *  0 o m r ? m - l m  m - 4  N 
o - l m m m a  fua* m 
0 0 0 0 0 0  0 0 0  0 . . .  . O d O d O 0  0 0 0  0 

l noooo N-a 0 
r - l n m o o  N V -  - 
- 4 m N m e  N a v  Q\ 

0 0 0 0 0 0  0 0 0  0 . . .  . d 0 O d O  0 0 0  0 

o \ * o o o  m m o  0 
a m e m m \ o a -  
O - 4 m - N  NNO\ 03 

0 0 0 d  o d d ~ d d  0 0 0  0 
I l l 1  I I I I I  I l l  I 
0 0 0 0  0 0 0 0 0  0 0 0  0 

* * + N  

m m a m  
m m m m  

. . . .  

0 0 0 0  
l n m m l n  
e e e e  
4 - 4 4  

I 

I 

2 5 3  



. . . . . . .  
0 0 0  0 0 0 0  

. . . . . . . .  
00000000 

I 
r - C O 9  m.O* P N  0 * - \ o m  
* m O a m * m a m N m * N  
m m I - m m m m N 4 N C O * *  
4000000000000 . . . . .  
d d d d d d d d o o o o o  

9 m F r c m 4 9 0  
N 4 \ O 4 O * O P  
m a \ O m c o * * a  
00004000 

00000000 
. . . . . . . .  

m m m  m o o  
m-l*  m t - 0 0  
m 4 9  ICmoCO 
N4-4 *a*9 
000 0000 
. . . . . . .  

0 d d o d o d o d d d d d  

d d d  

1 1 1 1 1 1 1 1 1 1 1 1 1  
o o o o o o o o o o m m m  * * *  

. . . . . . . .  
00000000 

1 1 1 1 1 1 1 1  
00000000 * * *  . . .  

000 

* *  N O N  

I C O N  I t - t - m  
* m  4 * m  

I . .  I . . .  

m 
o) 

rd 
z 
F 

* * *  
0000000000000 
0000000000000 
r-I-Fbr-r-Fr-t-I-bFt- 
4 4 4 3 4 H 4 4 4 4 - 4 4 4  

* * *  
000 0000 
000 0000 
COCOm m m m m  
4-44 3 4 4 r l  

254 



\ D U ' \ D d m c l W N  \ O W -  
m o o o * m o m o  m m m  
0 0 0 0 0 0 0 0 0  O N 0  
0 0 0 0 0 0 0 0 0  000 

0 0 0 0 0 0 0 0 0  0 0 0  
. . . . . . . . . . . .  

In N + a N a H N * a * m  * 0 0 0 N * O N O  N m m  
0 00004000 O N 0  
0 0 0 0 0 0 0 0 0  0 0 0  

0 00000000 0 0 0  
. . . . . . . . . . . .  

+ o m m m 3 a c o a  m m a  + m * m N r - o m F  N O N  
N 4 - 3 N m - I N 3  N + *  

0 0 0 0 0 0 0 0 0  0 0 0  
I I I I I I I I I  1 1 1  

0 0 0 0 0 0 0 0 0  0 0 0  

. . . . . . . . . . . .  

N c o m c o + m c o o a  a m m  
m N m m 4 m m r - *  N N N  . . .  d d d d d d \ d A d  o o m  

. . . . . . . . . . . .  
0 0 0 0 0 0 C O P N  O O N  

O N m r l a 4 a  m * N F  mmC0r.m 
o ~ ~ a m r n 4 c o a ~ r - 4  0 \ 4 c o 4 +  
* 4 4 4 O V N N 4 N M 4  O m m N 4  
000000040000 0 0 0 0 0  

d d d d d d o o o o o o  0 0 0 0 0  
. . . . . . . . . . .  

0 
N N m a m a m  ocoao N V 4 O O  
p ~ * a ~ 4 a * o r n m 4  m 0 r - m ~ -  
N - I 4 4 4 m N O N 4 , 4 4  O W F N 4  
o o o o o o o + o o o o  0 0 0 0 0  . . . . . . . . . . .  d d d d d d o o o o o o  00000 

. . . . . . . . .  d d d d d d d d o o o o  0 0 0 0 0  
1 1 1 1 1 1 1 1 1 1 1 1  1 l l I I  

o o o o o o o m m m m m  o o o o o  * * * * *  . . . . .  
0 0 0 0 0  

* * * * *  _ .  .,. .,. .,. .,. 
0 0 0 0 0 0 0 0 0  0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  m o o o o o o o o  m m m  0 0 0 0 0 0 0 0 0 0 0 0  m m m m m  
m a a a a a a a a a a a  r + r - + F r - + F r - + r - F  + + + r - +  
, 4 4 4 + 4 4 4 4 4  4 4 4  d 4 4 4 4 4 4 + 4 4 4 4  4 4 - 4 4  

255 



. . . . . . . . . . . .  
000000000000 

. . . . . . . . . . .  d d d d d d o o o o o o o o  4 0 4  

. . . . . . . . . . . .  
000000000000 d d o d d d d d d d d d d ;  Ad;  

. . . . . . . . . . . .  
000000000000 

1 1 1 1 1 1 1 1 1 1 1 1  
m m m m m m m m m m m m  *****e****** 

. . . . . . . . . . . . . . . . .  
00000000~040-4-4 0-40 

1 1 1 1 1 1 1 1 1 1 1 l l  I 1 1 1  
m m m m m m m m m m m m m m  m m m  * * * * * * * * * * * * * *  * * *  . . . . . . . . . . . . . . .  
d 0 O O O O O O O O O O O O  000 

. . . . . . . . . . . .  
000000000000 

m N m m * * * N N m 4 -  
00-4000000000 
. . . . . . . . . . . .  

* *  * * * * * * * * * *  
000000000000 
000000000000 
w C O C O w W a J w c o w w w w  
- l - l4 . -4d4-4' -4#- l44-4 

* *  * * *  * * * * *  * *  * *  * * *  
00000000000000 000 
00000000000000 000 m m m m u . m m m m m m u . P m  000 
& 4 M r - l - - I d 4 ~ 4 # - l 4 - 4 4 ~  N N N  

256 



500 
4 00 TEMPERATURE=1700°F 

I 61 

I O  I I I I I 
0 0.2 0.4 0.6 0.8 I1 

X 2  

3 

a-112-  1004 

Figure 11. EFFECTS O F  PRESSURE AND GAS COMPOSITION ON 
LOW -RATE GASIFICATION O F  DISCO CHAR IN 

STEAM-HYDROGEN MIXTURES9' l 9  

/ I  0 NO PRIOR EXPOSURE TO NITROGEN 1 OR STEAM-HYDROGEN MIXTURE - 
._ 'c 0.10 
E 

I-- z z 0.08 z s 
2l 
W 0.06 

K 
D 
W 5 0.04 
1 
3 V J 
a 

0.02 

- A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN, OR PARTIALLY GAS 
F E D  WITH STEAM AND HYDROGE 
IN A FLUID BE0 

TEMPERATURE RANGE 1600'-1900'F 
PRESSURE RANGE 1-70 otm 

0 .  1 4 

0 ' 0.02 0.04 0.06 0.08 0.10 0.12 
EXPERIMENTAL RATE CONSTANT, rnin-l 

I 
~ - I I Z - I O I O  

Figure 12. COMPARISON O F  EXPERIMENTAL AND CALCULATED 
RATE CONSTANTS FOR LOW-RATE GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR IN HYDROGEN 

257 



0 NO PRIOR EXPOSURE TO NITROGEN OR 
STEAMIHYDROGEN MIXTURE - , A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN, OR PARTIALLY GASIFIED 
WITH STEAM AND HYDROGEN 
IN A FLUID BED I-- 

CQ 0.08 

8 

/ O.Io - 

2 

v, z 

0 0 / 0  A 

IX 

0 
W 5 0 . 0 4 .  
J 
3 Y a 
u 0.02. RANGE : 

RANGE : 
1700.- 1800.F 
3 5 - 7 0  aim 

O l /  I I I 1 I 

0 0.02 0.04 0.06 0.08 0.10 0 

EXPERIMENTAL RATE CONSTANT, rnin-1 
A-112-IO15 

W 

5 

G 
Y a 

0.4 - 
n 
W 

1 
2 0.2- 

V 

(a) 

STEAM AND HYDROGEN 
IN A FLUID BED 

TEMPERATURE RANGE: 
1700'- I90O0F 

PRESSURE RANGE: 
35-70 aim 

0 0.2 0.4 0.6 0.8 I .o 
EXPERIMENTAL RATE CONSTANT, rnin-l 

A-112-1016 

(b ) 

2 

F i g u r e  13.  COMPARISON O F  EXPERIMENTAL AND CALCULATED 
RATE CONSTANTS FOR LOW-RATE GASIFICATION O F  

AIR-PRETREATED IRELAND MINE COAL CHAR 
I N  STEAM-HYDROGEN MIXTURES 

258 



F 

0 NO PRIOR EXPOSURE TO NITROGEN -'-I OR STEAM-HYDROGEN MIXTURE 

A COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN OR PARTIALLY 
GASIFIED WITH STEAM AND 
HYDROGEN IN A FLUID BED 

E 

h p 
a 

004 

TEMPERATURE RANGE 
1550*-1900'F 

a 002 
V PRESSURE RANGE 

35-70 atrn 

0 
0 002 004 0 0 6  008 010 012 

EXPERIMENTAL RATE CONSTANT, rnin-' 

A , I 2  101) 

( 4 
16 

14 - 
I 

5 
E 

I-- 

a 

12 

z 
I O  

z s 
t 

0 8  
W 

(r 

0 
W 
l- 

J 04 
3 

0.6 

a 

Y a 
02 

0 

COAL CHAR INITIALLY DEVOLATILIZED 
IN NITROGEN OR PARTIALLY GASIFIED 
WITH STEAM AND HYDROGEN IN A 
FLUID BED / 
TEMPERATURE RANGE : 

170Oe-200O0F / 

0 0 2  0 4  06 0 8  I O  I 2  14 I 6  

EXPERIMENTAL RATE CONSTANT, min-' 
.-112-1018 

( b) 
Figure 14. COMPARISON O F  EXPERIMENTAL AND CALCULATED 

RATE CONSTANTS FOR LOW -RATE GASIFICATION O F  
AIR-PRETREATED IRELAND MINE COAL CHAR LN SYNTHESIS GASES 

239  

i 



(1 

characterizing integral  gasification behavior in individual t e s t s  include coal 

char feed rate  and composition, particle residence t imes  in the reactor ,  

reactor  temperature,  p re s su re ,  feed gas  composition, and flow rate.  Fo r  

cases  where coal char containing volatile mat ter  was used a s  a feed material, 

rapid-rate methane formation and devolatilization were  assumed to occur 

in  a free-fall  space above the reaction beds employed in the systems. When 

devolatilized coal char was the feed mater ia l ,  no rapid-rate  methane forma- 

tion was considered to occur. 

carbon oxides and methane formation a r e  compared in Figures  15-19, which 

show good agreement for  a wide range of experimental conditions. 

Predicted and experimental integral  r a t e s  of 

Frequently, the P CH4/PL2 ra t io  in  product gases  f rom integral fluid-bed 
systems for  the gasification of coal  o r  coal char with steam-hydrogen con- 

taining gases  is g rea t e r  than the equilibrium constant for  the graphite- 

hydrogen-methane system. 

to a situation i n  which the coal o r  coal  char  has a thermodynamic activity 

g rea t e r  than unity with r e spec t  to  graphite. The models proposed in this 

paper offer two other explanations fo r  this phenomenon: 

formation occurs  when coal o r  coal  char  containing volatile ma t t e r  is used 

as a feed mater ia l .  

determined, independent of methane 's  partial  pressure.  Under cer ta in  con- 

ditions then, values of the ratio, P /PL2. grea te r  than that corresponding c H4 
to  the equilibrium for the graphite-hydrogen-methane system can result .  

Values of the P CH4/@H2 ratio g r e a t e r  than that corresponding to the equilibrium 

considered can a l so  occur for  low-rate gasification of coal char according to 

the model assumed in this study. This i s  i l lustrated in  Figure 20, where the 
r e su l t s  shown were  based on computations of gas yields in  a hypothetical 

fluid-bed f o r  char  gasification with a pure s team feed gas ,  using the co r re l a -  

tions described above. The r eason  fo r  the behavior i l lustrated is that, a t  

intermediate values of hydrogen partial  p re s su re ,  the r a t e  of Reaction LU, 
which produces methane, i s  g r e a t e r  than the r eve r se  r a t e  of Reaction 11 in 

which methane i s  consumed when a potential fo r  carbon deposition by this 

Th i s  has  often been interpreted a s  corresponding 

Rapid-rate methane 

The methane yield resulting f rom this  step i s  kinetically 

I 

i 
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CH4 

reaction exists.  

t ions developed are such, however, that, a t  sufficiently high hydrogen 

par t ia l  p re s su res ,  Reaction II dominates and equilibrium for th i s  reaction 

is approached. 

The par t ia l  p re s su re  dependencies defined in the cor re la -  

The qualitative t rends exhibited in Figure 20 and even the magnitudes ' 

of these t rends bea r  a striking resemblance t o  a s imi la r  plot given by 

Squires's to cor re la te  the act ivi t ies  of coals and cha r s  for  equilibrium in  

the char-hydrogen-methane sys t em with temperature  and pressure .  

I 
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cV 

f O  

f L  

fR 

kT 

kI’ kII’ kIII 

*(T)’ k3(T) k 

E E E  
K, ’ KII’ KIII 

SUMMARY OF NOTATION 

PH,, PHz0, Pco, Pco,, PCH4 = ~ ; ~ i a : ~ ~ e s s u r e s  of H,, H,O, CO, CO2 and 

nongasifiable ma t t e r  in  feed coal  char  (including a s h  and 
some sulfur), g /g  feed coa l  cha r  

base carbon in coal char  a t  an  intermediate gasification 
level, g/g feed coa l  char  

carbon in the fixed carbon fraction of the feed coal char  
a s  determined by a proximate analysis,$ g/g feed coa l  
char  

total carbon in the feed coal char as  determined by a n  
ultimate analysis, g/g feed coal char 

volatile carbon in feed coal, g / g  feed coal char  

relative reactivity factor for  low-rate gasification 
dependent on the particular carbonaceous solid 

relative reactivity factor for low-rate  gasification 
dependent on the particular carbonaceous solid and 
pretreatment  temperature  

relative reactivity factor for rapid-rate  methane 
formation, dependent on the par t icu lar  carbonaceous 
solid 

overall  r a t e  constant for  low-rate gasification, min-’ 

r a t e  constants, min-’ 

ra te  constants fo r  Reactions I, 11, and ILL, min-’ 

equilibrium constants for Reactions I, 11, and I11 
considering carbon a s  graphite 

concentration of species A 
base carbon 

a t  any t ime, mol/mol  

initial concentration of species A mol/mol  base carbon 
0’ 

concentration of species A, a t  any t ime, mol /mol  base 
carbon 
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t = time, min 

T = reaction temperature ,  OR 

= pre t rea tment  temperature ,  "R 
TO 

V = volatile ma t t e r  in feed coal char  (including moisture) ,  
g / g  feed coal  char  

= weight of feed coal char,  g 
w O  

AW = weight loss  of coal char during gasification, g 

X = total base carbon conversion fraction 

= base carbon conversion fract ion af ter  reaction in 
rapid-rate  methane formation stage is completed xR 

Greek Symbols 

CL = kinetic parameter ,  dependent on gas composition and 
p res su re  

B = k,(T)/k,(T) ra t io  

Y = noncarbon ma t t e r  evolved along with base carbon, 
g / g  base  carbon evolved 
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